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Abstract 7 
The purpose of this study is to examine previous works undertaken that characterise the cement alteration 8 
due to its exposure to CO2-bearing fluids attacking on the interfaces of cement-rock and cement-casing, 9 
or through cement cracks, and the cement matrix itself. Numerous studies have reported carbonation of 10 
well cements. The majority of studies reported self-healing behaviour of cements cracks observed under 11 
general CO2 storage conditions. In addition, defective cement matrix and bonding between cement and 12 
casing were also found to be potential causes for leakage pathways. Albeit, severe conditions, such as 13 
high acidity degree of brine and high flow velocity, may negatively affect the self-healing behaviour of 14 
the cement. 15 
Keywords: CO2; Cement; Leakage; Geo-sequestration 16 
1 Introduction 17 
In the course of 132 years from 1880 to 2012, the average global combined land and ocean temperature 18 
has risen by 0.85 ℃ [1], a  phenomenon now indelibly linked to  anthropogenic greenhouse gas (GHG) 19 
emissions. Carbon dioxide is accountable for 9-26% of these GHG emissions [2,3]. One amelioration 20 
technique that can be adopted is the use of carbon capture and storage (CCS), which seeks to capture 21 
released CO2 from power plants and subsequent injection of them into stable underground formations. 22 
Coal beds, aquifers, and depleted oil and gas reservoirs are of considerable interest for CCS. Amongst 23 
them depleted reservoirs are preferred since their structures have been well-characterised and studied 24 
over different periods of the reservoir’s lifecycle. In addition, oil and gas reservoirs have maintained their 25 
integrity and prevent fluid permeation to the surface over millions of years, indicating their proven 26 
capability of storing fluids over a long duration. One additional benefit of CCS is that the CO2 injection 27 
into oil and gas reservoirs is considered as an enhanced oil recovery strategy. One of the major problems 28 
with this type of projects is that quite a high number of abandoned wells have been cemented during the 29 
last century without meeting the necessary safe storage requirements. Drilled wells are the direct 30 
connection between underground formations and the surface. Any defects in the cement and plugs may 31 
later transform into potential leakage pathways. This is illustrated  by a 30-year old cement core sample 32 
recovered from a CO2-flooding site in West Texas. That demonstrated CO2 leakage along the cement-33 
shale and cement-casing interfaces, even though the cement retained its low permeability to prevent CO2 34 
flow [4]. Accordingly, an investigation of cement integrity exposed to CO2-bearing fluids is of great 35 
importance for determining the probability of CO2 leakage to the surface.  36 
Carbon capture and storage (CCS) projects are designed to prevent large quantities of CO2 from entering 37 
into the atmosphere. This will be done by effectively collecting CO2 and transporting it from large 38 
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production point sources to storage sites where it can be deposited in underground formations and can 39 
remain there for thousands of years [5]. 40 
Typically, depleted oil and gas reservoir sites are the main subjects for CO2 storage. The risk of CO2 gas 41 
leakage to the surface from prior-drilled and abandoned wells can be assessed to speed up risk assessment 42 
[6]. It was also shown that wells which are drilled under an appropriate regulatory system for CO2 and 43 
acid gas injection purpose are less probable to fail in comparison with other types of wells converted to 44 
injection wells [7]. Therefore, performing a robust drilling, completion, abandonment, and cementing 45 
under the supervision of reliable regulatory frameworks is vital to prevent CO2 leakage. The cement used 46 
as well lining or plugs may have undergone an alteration process due to CO2 exposure. This process may 47 
lead to either the aggravation or amelioration of leakage pathways depending on the conditions of the 48 
cement and the invading fluids [8]. 49 
The most potential leakage pathways within casing-cement-rock (rock can be a storage formation or 50 
caprock) assembly include the gap between rock and cement [9,10], the gap between the casing and 51 
cement [11,12], cracks in the cement [11,13–15] , and the cement matrix by itself [14,16–18]. CO2 is 52 
injected generally in a supercritical form into underground formations [19]. In this state it has the physical 53 
properties of both a liquid and a gas which dissolves materials such as a liquid and can effuse through 54 
solids like a gas. The injected CO2 dissolves in brine, as a ubiquitous element in depleted oil and gas 55 
reservoirs particularly around abandoned wellbores, results in carbonic acid formation [20]. CO2-56 
saturated brine with a pH lower than 4 starts moving through well cements due to diffusion or advection 57 
[21,22]. This movement brings the pore water within the unaltered cement with a pH more than 12.5 in 58 
contact with acidic brine [23]. This process leads to a reaction between the cement and brine leading to 59 
a gradual carbonation within the cement [12,24–29]. The continuous renewal of reacted CO2-saturated 60 
brine at the cement interface accelerates the degradation of the cement and causes the depleted calcium 61 
region to be converted into an amorphous silica gel [27,29].  62 
This paper provides a review of studies that have characterised the alteration in cement due to CO2–63 
bearing fluids attacking on the interfaces of cement-rock and cement-casing, or through cement cracks, 64 
and the cement matrix itself. 65 
2 Characterisation of cement matrix alteration attacked by 66 
CO2-bearing fluids 67 
2.1 Involved chemical reactions 68 
The dissolution of CO2 in brine decreases its pH to below 4. The subsequent flow of this mixture  through 69 
a carbonate formation leads to an increase of pH by 2. It is interesting to note that if the dissolution was 70 
to flow through a sandstone formation there seems to be a negligible impact on acidity [27]. Portland 71 
cement pore fluids normally have a pH between 13 and 14 [30], thereby exposing the cement to a CO2-72 
saturated brine reduces the pH of the pore fluids in the cement and triggers dissolution/precipitation 73 
reactions. To examine the impact of carbonated brine flow on well cements, class H cement pastes were 74 
exposed to a range of geo-sequestration temperatures and pH at a depth of 1 km [27]. The pre-equilibrium 75 
between calcium carbonate and the CO2-brine solution showed no significant carbonated brine attack. 76 
Carbonic acid attacks the cement and results in carbonate which is then dissolved during the next phase. 77 
This reaction leads to a more porous silica gel. The governing equations are as follows [27]: 78 
CO2 dissociation 79 
𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3(𝑠𝑢𝑚 𝑜𝑓 𝐻2𝐶𝑂3 𝑎𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝐶𝑂2) ↔ 𝐻
+ + 𝐻𝐶𝑂3
− + 𝐶𝑂3
2− Eq. 1 
Cement carbonation 80 
𝐶𝑎(𝑂𝐻)2(𝑠) + 2𝐻
+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3(𝑠) + 2𝐻2𝑂 Eq. 2 
𝐶3.4 − 𝑆2 − 𝐻8(𝑠) + 2𝐻
+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3(𝑠) + 𝑆𝑖𝑂𝑥𝑂𝐻𝑥 Eq. 3 
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𝐶𝑎(𝑂𝐻)2(𝑠) + 𝐻
+ + 𝐻𝐶𝑂3
− → 𝐶𝑎𝐶𝑂3(𝑠) + 2𝐻2𝑂 Eq. 4 
𝐶3.4 − 𝑆2 − 𝐻8(𝑠) + 𝐻
+ + 𝐻𝐶𝑂3
− → 𝐶𝑎𝐶𝑂3(𝑠) + 𝑆𝑖𝑂𝑥𝑂𝐻𝑥 Eq. 5 
Calcium carbonate dissolution 81 
𝐶𝑂2 + 𝐻2𝑂 + 𝐶𝑎𝐶𝑂3(𝑠) ↔ 𝐶𝑎
2+ + 2𝐻𝐶𝑂3
− Eq. 6 
2𝐻+ + 𝐶𝑎𝐶𝑂3(𝑠) ↔ 𝐶𝑂2 + 𝐶𝑎
2+ + 𝐻2𝑂 Eq. 7 
SiOxOHx in Eq. 3 and Eq. 5 is an amorphous silica gel, and C3.4-S2-H8 is calcium silicate hydrate (C-S-82 
H) which is the binding phase of the cement paste with Ca/Si:1.7. These experiments were conducted 83 
under general conditions of 20 and 50 ℃ and CO2 pressures of about 10 MPa. Effluent samples and pH 84 
measurements were taken twice a day during the first few days, and during subsequent phases performed 85 
every day. There was little alteration in the cement due to CO2 exposure under pre-equilibrium with 86 
limestone. Accordingly, it seems that degradation in limestone or dolomite either occurred really slowly 87 
or did not occur at all. 88 
Once the calcium carbonate precipitated, the brine was refreshed and the pH was lowered to below 5.  89 
Calcium carbonate then started to re-dissolve in the new CO2-saturated brine brought in contact with the 90 
core cement [31]. It worth noting that the calcium leaching from C-S-H as the binding phase in cement 91 
do not limited just to the regions adjacent to the brine-cement interface. This process gradually begins 92 
from the calcium carbonate precipitation zone and increases towards the cement-brine interface. By 93 
decreasing the pH below 12, C-S-H dissolves incongruently [32], which leads to decline in the ratio of 94 
Ca/Si from around 2 to approximately 0.8 [23,33,34]. To simplify the modelling of the alteration in the 95 
cement, the C-S-H dissolution can be constrained to the silica gel zone due to the higher portlandite 96 
dissolution rate than that of C-S-H. Chasing any alterations in C-S-H during the reactions is difficult, 97 
because composing ions of C-S-H are not dissolved proportional to the stoichiometric coefficient. 98 
Therefore the composition of C-S-H varies along the process of dissolution. To simplify this problem, 99 
C-S-H is considered as a solid solution of hydrated silica gel and two fractions of portlandite. It is 100 
supposed that one of those portlandite fractions dissolves at the same rate of the free portlandite [33]. 101 
The solubility of the other fraction is assumed to be lower than free portlandite, and the remaining silica 102 
gel was considered to be insoluble. The evolution of C-S-H was modelled by considering an initial Ca/Si 103 
ratio steadily declassified to calcium carbonate and amorphous silica [32]. C-S-H was assumed as a 104 
composite of molar fractions of end-members of portlandite and amorphous silica [35,36]. It was shown 105 
that C-S-H dissolves incongruently at a high Ca/Si ratio and congruently by decreasing the ratio of Ca/Si. 106 
In the case of low Ca/Si ratio, the dissolution of C-S-H will be approximately equal to a tobermorite-like 107 
composition. Therefore, a rate law can be proposed for a description of C-S-H dissolution [34]. 108 
The solubility of CO2 in brine decreases with increasing salinity and temperature, in contrast to the effect 109 
of enhancing pressure which improves CO2 solubility [37,38]. When CO2 is injected to depths more than 110 
1 km, the local temperature is above the critical point of CO2 (31 ℃ ) and high pressure of about 100 111 
bars yields a density of 500 kg/m3 [39]. The combined effect of pressure, temperature, and salinity on 112 
the penetration depth of CO2-saturated brine into the cement is highly complex since the pH of the 113 
aqueous phase is a function of the composition of brine, cement, and host rock which are also affected 114 
by temperature and pressure [40,41]. 115 
2.2 Predominating phenomena 116 
Generally, static conditions are preferred in many experiments [18,35,42–45]. The reason for this is based 117 
on the distance between the abandoned and injection wells, as at some distances from the injection well 118 
the CO2-saturated brine moves extremely slowly that velocity can be neglected. Although, the connection 119 
between reservoirs and either overlaying layers or inside the well creates a pressure difference which 120 
enhances the velocity. Thereby, the advection phenomenon becomes important. Advection means 121 
movement of species contained in a fluid as a result of fluid bulk movement [46]. Different reasons may 122 
result in fluid movement such as pressure differential and thermal gradient. This phenomenon along 123 
cracks and gaps causes fluid flow which brings fresh CO2-bearing fluids in contact with the cement 124 
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surface. Extremely low permeability porous mediums like cement with permeabilities typically far below 125 
200 𝜇D, practically remove advective flow from consideration within bulk matrix. Thus, their dominance 126 
can be restricted to the cracks and the gaps [26,31,47,48]. Nevertheless, reaction kinetics are considered 127 
to be faster than diffusion kinetics [49] which justifies the application of an adopting batch system for 128 
experiments [12,15,18,44,50]. 129 
The difference in concentration between the carbon/calcium species in CO2-saturated brine and the 130 
unaltered cement zone encourages the diffusion of CO2-saturated brine into, and the calcium-rich brine, 131 
out of the cement core. Static downhole conditions strengthen the assumption that the cement is altered 132 
by diffusion-dominated processes. Whereas advection may be supposed for the renewal of CO2-saturated 133 
brine at the cement-brine interface [26,31,47,51,48]. However, the impact of advection, which is 134 
responsible for the renewal of CO2-saturated brine at the interface between the cement and brine, is 135 
accounted by assuming a vertical motion of CO2-saturated brine along any gaps [26,31,48]. 136 
A methodology for coupling the transport and geochemical modules of DynaflowTM [52] was derived to 137 
model mineral precipitation/dissolution, the aqueous phase speciation and the porosity dependant 138 
transport properties [26]. The CO2 radial mass transfer was primarily responsible for cement degradation. 139 
The mass transfer in the vertical direction is mainly dominated by advection and in the radial direction 140 
by diffusion within the cement. The experiment design was based on the work of Duguid [53] by 141 
assuming constant fluid composition in the microannulus and considering radial diffusion as the major 142 
transport mechanism into the cement. Different parameters, such as the geometry of leakage pathways, 143 
boundary conditions, and chemical reactivity of the cement with CO2 affect flow through cements and 144 
may result either in an opening-up or self-healing behaviour of the leakage pathways. To model this 145 
phenomena, the coupling geochemical aspect with transport aspect is inevitable. As reaction kinetics 146 
were assumed to be much faster than diffusion [49], the process was therefore assumed to be diffusion-147 
limited, diffusion seen to be of great importance even for fluid flow through gas shale [54]. Two main 148 
non-linear equations were applied to describe equilibrium conditions coupled with the transport modulus 149 
using a sequential non-iterative approach (SNIA). The spatial distribution of the CaCO3 polymorphs was 150 
examined using Raman microspectrometry and X-ray microdiffraction [43]. The fast reaction of the 151 
calcium-bearing phases in cement provides a convenient method for simulation since an assumption of 152 
the local equilibrium could be considered compared with diffusion into the cement. This assumption may 153 
sometimes be violated due to the formation of the metastable forms of the calcium carbonate. The 154 
presence of the three calcium carbonate polymorphs in the core that undergoes CO2-rich fluid flooding 155 
signifies the importance of the kinetics over the presumed equilibrium. In fact, a local equilibrium for 156 
carbonation cannot be considered reasonably as long as metastable CaCO3 polymorphs can be assumed 157 
to be present in the sample. 158 
An experiment under static conditions was conducted by Kutchko et al. [55] illustrating a depth of 159 
penetration of about 1.68 mm and 1.00 mm for supercritical CO2 and CO2-saturated brine, respectively. 160 
Exposure of the cement to the supercritical CO2 resulted in no evident separation zones. The length of 161 
diffusion showed a more linear behaviour with respect to the square root of time, a behaviour not seen 162 
when the cement was exposed to CO2-saturated brine. The former observation follows the second law of 163 
Fick whereas the latter one was described using the Elovich equation [55].  164 
2.3 Cement Durability 165 
 Barlet-Gouédard et al. [16] conducted an experiment under static conditions exposing the cement cores 166 
to the realistic downhole conditions of 90 ℃, 280 bars, and water with a pH of around 8 for durations 167 
ranging from  a half-day to 3 months.  It was demonstrated that Portland cement is sufficiently resistant 168 
to wet supercritical CO2 or to CO2-saturated water. The durability of cement is also a function of the 169 
curing process. For example, cement cured at 50 ℃ and 30.3 MPa is more resistant to carbonic acid 170 
attack compared with cement cured at 22 ℃ and 0.1 MPa, with a common curing time-of 28 days. The 171 
higher temperature and pressure are more representative of sequestration application conditions. In fact, 172 
a higher degree of hydration leads to a reduction in  permeability and resistance to carbonic acid attack 173 
[25].  174 
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2.4 Formation of zones 175 
Formation of different zones was confirmed during carbonation and degradation of cement.  These four 176 
zones can be classified from the innermost part to the interface of CO2-saturated brine and cement core 177 
as: 178 
1) The unaltered zone. 179 
2) The portlandite depleted zone. 180 
3) The calcium carbonate precipitation zone. 181 
4) The silica gel zone where the degradation occurs due to calcium leaching and C-S-H declassification. 182 
Fig. 1 shows zones formed during carbonation and degradation processes [12,25,35,43,55]. Although, 183 
occasionally fronts are preferred for describing the alteration in the cement, the portlandite dissolution 184 
front, the carbonation and calcium carbonate dissolution fronts are widely used to indicate three main 185 
reaction fronts moving into the cement [15,18,56].  186 
Two methods of mercury porosimetry and back-scattered electron (BSE) imaging were applied by 187 
Rimmelé et al. [18] to quantify the evolution of bulk porosity and local porosity gradients. The design of 188 
their experiment was similar to the work of Kutchko et al. [25]. It was confirmed that the carbonation 189 
front moves forward from the rims of the cement core into unaltered zones, even during the few first 190 
days of exposure. Mercury intrusion porosimetry (MIP) indicated a primary sealing stage corresponding 191 
to carbonation, followed by a dissolution phase. Local porosity gradients were produced using scanning 192 
electron microscope-BSE (SEM-BSE) image analysis and showed that during the first phases of attack, 193 
from day one to 3 weeks, the sealing stage was active and responsible for decreasing the porosity of inner 194 
part of the sample, while in the next phase the carbonation front was no longer visible and had reached 195 
the centre of the sample. During this period, porosity increased as a result of the recently formed calcium 196 
carbonate undergoing dissolution. Porosity in the cement zones illustrated an immediate high increase in 197 
the cement-brine interface due to the dissolution of calcite.  Within the next region, calcite precipitation 198 
led to a decreased porosity area, towards interior parts of the sample. In the simulation, porosity was 199 
again seen to be enhanced as a result of calcium leaching to produce Ca2+. Parallel permeability 200 
(permeability of casing-cement-rock assembly when the flow direction is parallel to the interfaces 201 
between them) is more important, however, if the bonding between formation and cement is of good 202 
quality an increase in parallel permeability will not impact the leakage. Indeed, permeability can be 203 
divided into two types depending on the direction of diffusion with respect to flow direction to simulate 204 
wellbore cement alteration [45]. The direction of diffusion and flow are the same for transverse 205 
permeability and the flow direction is vertical to the diffusion direction for parallel permeability.  206 
 207 
Fig. 1: Formation of different zones in a cement exposed to CO2-bearing fluids showing five zones from the right 208 
to the left side including: unaltered zone (I); portlandite dissolution zone(II) in which calcium carbonate (C𝐶̅) 209 
precipitation also simultaneously occurs; zone (III) accounted for the start of  C-S-H (in this case CSH2.5) 210 
dissolution and gradual termination of C𝐶̅ precipitation; zone(IV) dominated by C-S-H and C𝐶̅ dissolution, and; 211 
amorphous silica gel zone(V) depleted from calcium content to a great extent immediate to the brine-cement 212 
interface [33]. 213 
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2.5 Depth of reaction fronts 214 
The initial properties of the cement affect its evolution. For example, a high ratio of initial portlandite to 215 
porosity produces local sharp calcite zones which reduces the diffusion of CO2-saturated brine into the 216 
cement and intensifies the deterioration rate in the zones close to the cement-brine interface. Low-217 
portlandite and high porosity cement types are not typically clogged. Furthermore in this case the depth 218 
of penetration is generally higher than for cements with a high-portlandite and low-porosity content 219 
[8,57,58]. A reactive transport model was developed by Brunet et al. [57] to account for the alteration of 220 
cement in contact with CO2-saturated brine under diffusion-controlled conditions. Three main aspects 221 
incorporated in the modelling approach  included the coupling of the reaction thermodynamics and 222 
kinetics with the transport processes, the impact of initial cement properties, and the connection between 223 
changes within the cement composition to long-term flow transport properties. This analysis raised the 224 
cementation factor as the most critical parameter that controls the dynamics of the cement-CO2 system.  225 
Observations illustrated that no clogging resulted from low-portlandite and high-porosity cement, while 226 
clogging was observed for high-portlandite and low-porosity conditions. Over the course of 200 days, 227 
different ratios of portlandite to porosity simulations showed there to be from less than 1 mm to around 228 
6 mm depth of penetration . 229 
Cement samples retrieved from a well exposed to natural gas CO2 to assess the degree of carbonation 230 
corresponding to the CO2 dissolved in the pore water of surrounding formation indicated that a 231 
carbonation depth of millimetres to centimetres is expected, even in the absence of any cracks or annular 232 
gaps [59]. Sauki and Irawan [60] exposed class G cement to supercritical CO2 for a period of 120 hours 233 
at two temperatures,  120 and 40 ℃, showed a penetration depth of 0.78 and 0.55 mm, respectively. 234 
Samples exposed to either CO2-saturated brine or wet supercritical CO2 for 120 hours identified four 235 
main zones including an innermost unaltered zone, a depleted in portlandite zone with a thickness of 50-236 
100 𝜇m, a 100-200-𝜇m zone with a high calcium content, and an outermost zone with a thickness of 200-237 
400 𝜇m.  238 
2.6 Impact of additives 239 
Typically, pozzolans are used in cement to reduce the overall cost of cementation and reduce the density 240 
of the slurry. It was predicted that CO2-saturated brine and supercritical CO2 will penetrate to a depth of 241 
around 170-180 mm in pozzolanic-cement with the volume fraction of 35:65 over a period of 30 years, 242 
confirming that the rate of penetration increases with the introduction of pozzolan-amended cement [44]. 243 
It was observed that the reaction of pozzolanic cement paste was remarkably faster than neat cement with 244 
CO2, although any degradation of physical properties was not noticeable in pozzolanic cement paste [61]. 245 
Their findings indicated that the rate of penetration in pozzolanic-amended cement is higher than in neat 246 
cement. Pozzolan additives increase porosity, cause a higher rate of diffusion, and reduce the portlandite 247 
content. Thereby, they prevent the high precipitation of carbonates, that positively influences the 248 
penetration of CO2-bearing fluids into the cement [23]. These studies indicate a further need for 249 
investigating the impact of the other types of additives affecting cement behaviour.  250 
2.7 Modelling 251 
Cement alteration modelling is highly advantageous for extrapolating short-time scale experiment 252 
studies. In addition, performing a sensitivity analysis concerning a determination of  the variables 253 
controlling an alteration in the cement is expensive [45], which makes modelling more feasible. 254 
A diffusion-reaction model was developed by Liaudat et al. [33] to regenerate experimental data of 255 
Duguid and Scherer [27]. To simplify modelling, reactions corresponding to aluminium, iron, and 256 
sulphur (solid and aqueous) species were removed from consideration. On the other hand, modelling the 257 
C-S-H progress during reactions is difficult, since composing ions composed of C-S-H are not dissolved 258 
proportional to the stoichiometric coefficient. Therefore the composition of C-S-H varies along the 259 
process of dissolution. It was claimed that front penetration only can be addressed by involving the 260 
growth of effective diffusivity of the material because of degradation.  Moreover, kinetics’ constants are 261 
also highly determinant in specifying the width of the degradation front. The proposed quantitative 262 
reactive-transport model used four primary species; including calcium, total carbon, chloride, and alkalis. 263 
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Calcium and total carbon were based on diffusion-reaction equations and chloride and alkalis (sodium 264 
and potassium) which were defined only by diffusion. This model, although is relatively simple, 265 
successfully predicted the experimental data obtained from the study of Duguid and Scherer [27]. To 266 
predict cement degradation over thousands of years, typical of carbon sequestration, a voltage across the 267 
cementitious material was applied. This method simulated the fast degradation of the cement in time-268 
order of an experiment for depicting procedure over long timescales [62]. This process was dominated 269 
by the forced transport of the ionic species, and diffusion was slower than envisaged.  270 
2.8 Conducted experiments for characterising of cement matrix alteration 271 
 272 
Table 1 provides information regarding experiments which have been conducted to investigate impact 273 
of CO2-bearing fluids on the cement matrix.  274 
 275 
Paper Curing conditions 
Method of 
experiment 
Applied 
temperature 
condition 
Applied 
pressure 
condition 
Core 
dimension 
Properties of 
fluid 
Time-length 
of experiment 
comment 
[43] 
 Class G cement 
 Cores cured for 72 hrs at 
90 ℃ and stored in water. 
Batch system 90 ℃ 30 MPa 
 Diameter: 
30 mm 
 Length: 65 
mm 
 pH of CO2 
saturated 
water: 2.9 
 Calcium 
content: 80 
mg/litre 
3, 22, 35,and 
51 days 
 This work focused on the forming 
metastable calcium carbonates ahead of 
reaction front. 
 The Simulation predicted a depth of 
around 1.1 mm for the movement of 
carbonation front into the cement during 
84 hrs. 
[62] Class G cement 
The leaching 
is induced by 
a forced 
transport in 
CO2-rich 
environment 
(LIFTCO2) 
procedure. 
From ambient 
temperature to 
50 °C   
1 atm 
 Diameter: 5 
cm 
 Length: 2.5 
cm 
N/A 
4 days, 5 
weeks 
 The long-term degradation was 
simulated using an electrophoresis 
voltage between 10-50 V 
 The voltage difference was used to 
accelerate the reaction process to model 
long-term durability of cement. 
 The depth of altered zone after 5 weeks 
at the cathode side: 800 µm, and at the 
anode side: 200 µm.   
 
 
[45] 
Curing time: 28 days  
 
Batch system 50 °C 150 bars 
 Diameter: 
12 mm 
 Length: 60 
mm 
 Initial pH: 
2.9 
 Brine 
salinity: 1 wt 
% NaCl 
2.5, 28, and 90 
days 
 The co-injection of H2S and CO2 in a 
cement with  
35 vol % pozzolan and 65 vol % class H 
Portland cement was investigated. 
 The simulation showed a calcite peak 
at 0.4-mm depth after 90 days. 
[55] 
 Class H neat cement. 
 (water to cement ratio) 
W/C: 0.38 
 Cement moulds were 
submerged in a 1 wt % 
NaCl (brine)  
 Temperature: 50 °C  
 Pressure: 30.3 MPa 
 Samples were demoulded 
from casts after 3 days and 
hydrated for of 28 days 
Batch system 50 °C 30.3 MPa N/A 
 Initial pH: 
2.9 
 Brine 
salinity: 1 wt 
% NaCl 
Up to one year 
The extrapolation indicates a penetration 
depth of 1.68 ±0.24 mm for the 
supercritical CO2 and 1.00 ±0.07 mm for 
the CO2-saturated brine after 30 years. 
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[44] 
 Class H cement 
 35:65 and 65:35 (volume 
ratio of pozzolan to 
cement) pozzolanic cement 
blend  
 Temperature: 50 °C 
 Pressure: 15 MPa 
 Curing time: 28 days 
 
Static 
condition 
50 °C 15 MPa 
 Diameter: 
12 mm 
 Length: 130 
mm 
Fresh water 
 
5, 7, 9, 14, and 
31 
days 
 The effect of pozzolan additives was 
considered. 
 Penetration depth into 35:65 pozzolan-
cement blend Class H: 170-180 mm 
under the CO2-saturated brine and 
supercritical CO2  conditions over 30 
years  
 The system 65:35 pozzolan-cement 
blend class H fully reacted with 
supercritical CO2 within 2 days: 5 mm in 
2 days under CO2-rich brine conditions, 
however, it was not possible to precisely 
determine an alteration rate for this 
system. 
[61] 
 Class H cement 
 35:65 and 65:35 (volume 
ratio of pozzolan to 
cement) pozzolanic cement 
blend  
 Curing time length: 28 
days 
 Samples were submerged 
in 1 wt % NaCl 
 Pressure: 2200 psi 
 Temperature: 50 °C 
 
Batch system 
50 °C 
 
2200 psi 
Diameter: 2 
inch 
Brine 
salinity: 1 wt 
% NaCl 
31 days 
It was found that reaction of pozzolanic 
cement paste is remarkably faster than 
with neat cement, although degradation 
of physical properties is not significant 
in pozzolanic cement paste. 
 
[27] 
 Class H neat cement 
 W/C: 0.38 
 Cement moulds were 
submerged in a 0.5 M 
NaCl 
 Temperature: 20 ℃, 50 
°C 
 Curing time: 12 months  
 
Flow-through 
reactor 
Continuously 
stirred 
20, and 50 °C 
 
Atmospheric 
pressure 
 Diameter: 
7.5 mm 
 Length: 200 
mm 
 pH: 2.4, 3.7 
 Brine 
salinity: 0.5 
M NaCl 
Up to 30 days 
 The brine was renewed in contact with 
cement. 
 The Rate of penetration front 
movement: 0.025-0.240 mm/day for neat 
paste samples under sandstone-like 
conditions and 
0.023-0.444 mm/day for the paste 
containing 6% bentonite under 
sandstone-like conditions 
 No apparent damage over the course of 
the 
experiment  
 Time-length:~ 1 month 
[63] 
 Class G cement 
 W/C: ~ 0.40 
 Pressure: 138, 296, and 
345 bars 
 Temperature: 50, 74, and 
83 °C 
 Setting time: 24 hrs 
 Antifoam-class G cement 
or  a 50:50 mixture of 
cement class G and 
pozzolan 
N/A N/A N/A 
 Diameter: ~ 
37 mm 
 Length: ~ 
27 mm 
N/A 
It was 
supposed for a 
time-length of 
1 to 9 months 
of experiment 
 It was aimed at investigation of 
different curing conditions on the 
permeability evolution 
[16] 
 Class G cement with an 
antifoam agent, a 
dispersant and a 
retarder 
 Curing time: 72 hrs 
 Pressure: 207 bars 
 Temperature: 90 ℃ 
 
Static 
condition 
90 °C 
 
280 bars 
 Diameter: 
1.27 cm 
 Length: 
2.54, 5.08 cm 
 Fresh water 
 Expected 
pH resulted 
from 
dissolution of 
CO2 in water: 
2.8 to 3 
Half-day, 2, 4 
days, 6 weeks, 
and 3 months 
 Portland cement is not sufficiently 
resistant to wet-supercritical CO2 or to 
CO2-saturated water 
 Depth of penetration:  
1-2 mm after 44 hrs; 5-6 mm after 3 
weeks; and ~ 7 mm after 6 weeks 
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[18] 
 Class G cement 
 Curing time: 72 hrs 
 Pressure: 207 bars 
 Temperature: 90 ℃ 
 
Static 
condition 
90 °C 
 
280 bars 
 Diameter: 
1.25 cm 
 Length: 2.5, 
5 cm 
Fresh water 
Half-day, 2, 4 
days, 6 weeks, 
and 3 and 6 
months 
Depth of penetration: 0.5-1 mm after 
half a day; 1-2 mm after 2 days; 5-6 mm 
after 3 weeks; and ~7 mm after 6 weeks 
[25] 
 Class H Portland cement 
 W/C: 0.38 
 Four types of curing 
conditions: 1- 22 °C and 
0.1 MPa; 2- 22 °C and 
30.3 MPa; 3- 50 °C and 
0.1 MPa; 4- 50 °C and 
30.3 MPa 
 Curing time: 28 days 
 Cement moulds were 
submerged in 1 wt % NaCl 
 
Static 
condition 
50 ℃ 30.3 MPa 
 Diameter: 
12 mm 
 Length: 130 
mm 
Brine 
Salinity: 1 wt 
% NaCl 
 
9 days 
 The cement cured at 50℃ and 30.3 
MPa was more resistant to carbonic acid 
attack rather than cement cured at 22℃ 
and 0.1 MPa. 
 Depth of reaction front penetration: 
0.22-0.59 mm over the course of  9 days. 
[60] 
 Class G cement 
 W/C: 0.44 
 Curing time: 8 hrs 
 Curing condition: (140 
bars and 40 ℃), ( 140 bars 
and 120 ℃), (105 bars and 
40 ℃) 
 
Static 
condition 
40, and 120 ℃ 
105, and 140 
bars 
 Diameter: 
1.5 inch 
 Length: 2 
inch 
Brine 
Salinity: 0.01 
M NaCl 
24, 72, and 
120 hrs 
It was confirmed that formation of 
CaCO3 may increase the compressive 
strength 
 276 
Table 1: Experimental setup used by different authors to analyse cement alteration due to contact with CO2-277 
bearing fluids 278 
3 Effect of cracks on the rate of cement alteration 279 
3.1 Predominating Phenomena 280 
The safe, reliable, and long-term underground CO2 storage justifies exploring sound strategies for the 281 
assessment of CO2 leakage to the surface. One of the possible leakage source of CO2 to the surface occurs 282 
through damaged well cements. Mechanical constraints are one of the main sources for irreversible 283 
cement damage. Experiments based on batch systems are not able to regenerate the combined impact of 284 
chemical and hydrodynamical processes where reactants are renewed continuously and diffusion is the 285 
main transport mechanism [64]. Generally, the permeation of CO2-saturated brine into the cement was 286 
assumed to be dominated by diffusion [8,26,31,48]. Advective transport was also considered along the 287 
interface between the fracture and brine. 288 
Experiments were conducted under either a constant pressure differential or constant flow rate. A 289 
constant pressure differential is more likely to occur in downhole conditions of abandoned wells rather 290 
than at a constant flow rate. Although, longer cores are required for investigating cement alteration under 291 
a constant pressure gradient in order to allow longer residence time, using this method increases the 292 
precision of small changes in conductivity because of precipitation on the surface of the fracture 293 
[8,48,65,66]. Nonetheless, constant flow rate conditions were also extensively applied to  examine 294 
cement alteration [14,29,67]. Flow-through experiments renew the CO2-saturated brine that is in contact 295 
with fracture surface, thereby exacerbating the degradation process. This condition is likely to occur 296 
when a direct connection between the storage formation and overlaying layers, above caprock, is formed.  297 
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The stability of a defect is influenced by both mechanical and chemical phenomena, even when 298 
compressibility and elasticity are negligible.  The combination of the reaction and flow through the defect 299 
may trigger a width reduction downstream due to calcite precipitation, while upstream, the silica gel is 300 
formed and leached from the calcium [13]. 301 
Typically, cement matrix permeability is lower than 200 𝜇D [44], as a standard maximum permeability 302 
recommended by American Petroleum Institute (API). Therefore unless in the case of a high degree of 303 
cement carbonation and degradation, the cement matrix alone may not be particularly prone to leakage 304 
in the presence of fractures, microannulus, and channels. These conduits are the most potential leakage 305 
pathways based on, generally, a large difference in permeability between them and the cement matrix. 306 
Tortuosity and roughness can reduce the predicted permeability,  predicted by theory of smooth parallel 307 
plate cracks,  by a factor of 4 to 6 [68]. The cement permeability is extremely low and fracture can be 308 
assumed to be the dominant flow path that is highly affected by the cement reactions. Huerta et al. [14] 309 
showed that the leakage of CO2-rich fluids along a wellbore may restrict the leakage pathway in the case 310 
of a small initial aperture and the sufficient residence time is allowing for the mobilisation and 311 
precipitation of minerals along the fracture. 312 
Mainguy and Ulm [24] investigated the coupled diffusion-dissolution process in a reactive porous media 313 
detached by a fracture channel. They provide a framework for formulating diffusion-dissolution 314 
behaviour of reactive transport porous media by assuming convective transport to be negligible in 315 
comparison with solute diffusion. The role of convective transport typically becomes important in the 316 
presence of a high-pressure gradient and/or fast fluid flow across a porous media whereas for microcracks 317 
and non-smooth cracks diffusion is the governing force. Solute evacuation from small crack openings 318 
gradually slows down over a long time. The length of diffusion in the fracture is appropriate to the 319 
quadratic root of time. While the square root of time describes dependency of the length of diffusion into 320 
the bulk material to time in one-dimensional degradation. Their finding disclosed that the propagation of 321 
the dissolution front, and in the general chemical degradation of porous material, does not significantly 322 
increase due to a small crack.  323 
Diffusion was assumed to dominate the transport of CO2-rich solution into fractured marl cores (as a 324 
caprock) [69]. Computed outlet concentrations at low flow rates match reasonably with the experiment 325 
results, while at a higher flow rate they did not match precisely. Nevertheless, most of the dissolution 326 
patterns were reproduced in their simulation. It was shown that the calcite dissolution rate at the interface 327 
of the fracture and rock matrix was faster than the internal parts of the matrix, due to the direct contact 328 
of advective flow with calcite. In fact, by forming new altered zones within matrix,  the contact surface 329 
area of the calcite and solution decreases and partaking minerals alter, thereby impacting the alteration 330 
process [57,70].  331 
Iyer et al. [15] discussed the effect of the relative rates of reaction and diffusion on the precipitation of 332 
calcium carbonate within narrow leakage pathways in cement. The model in [10,29,71] was developed 333 
to incorporate the reaction-rate limited behaviour of the front movement. Actually, the previous model 334 
had a limiting assumption that reactions occur at rates much faster than the rate of diffusion, while in the 335 
situation where fronts are close to each other diffusion is faster than the reaction rate. By developing this 336 
model they studied the changes in permeability due to reaction-limited conditions, the implication of 337 
calcite precipitation and mechanical deformation on fracture sealing, and the reason for the different 338 
behaviour of cements that were subjected to previous calcium leaching. Applying the reaction-limited 339 
model and coupling it with an appropriate mechanical deformation model made it possible to account for 340 
fracture sealing attributed to precipitation, chemical and mechanical changes. Although it was confirmed 341 
that mechanical deformation may not solely be responsible for fracture sealing, at the same time it might 342 
intensify the effect of chemical sealing. 343 
The fracture aperture decreases in areas with low aperture due to calcite precipitation while the 344 
preferential pathways are extended where the apertures of higher values are present. The rate of 345 
degradation decreases as a consequence of the distance formed between the reaction fronts and fracture 346 
where reactants are renewed by advection [47]. In this work, the amorphous silica layer was modelled 347 
and the effect of fracture aperture heterogeneity was accounted-for in the clogging mechanism. Fracture 348 
patterns follow the initial heterogeneity and initial distribution of aperture along the fracture that firmly 349 
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controls probable leakage. Self-healing behaviour was expected to occur in low aperture zones, while 350 
perennial, localised flow most likely occur in highly connected aperture paths. 351 
3.2 Effect of residence time 352 
Cao et al. [66] presented a reactive transport model aimed to investigate the property evolution of 353 
fractured cements. In this model a threshold was proposed to identify the fracture opening from self-354 
sealing behaviour. This behaviour is likely to occur in low initial fracture apertures. Residence time 355 
played a significant role in their modelling. It was shown by increasing residence time precipitation 356 
became the dominant process leading to fracture sealing. Whereas permeability illustrated an increase in 357 
decreased residence times. Fast flow rate and the abundance of CO2 reduces the probability of self-358 
sealing behaviour, while increasing the residence time allows the precipitation process to clog leaky wells 359 
[48].  360 
Fast flow to some degree prevents a permeability change and tends to keep the aperture open. A low flow 361 
rate may cause calcium carbonate precipitation and lead to self-sealing. A sensitivity analysis showed 362 
that, at the beginning of sealing, changes in the specific area of portlandite had the largest effect [8]. 363 
Increasing both portlandite and calcite have the same impact on the initiation of sealing. On the other 364 
hand, a higher matrix flow resulted from a higher matrix permeability, contributing to faster fracture 365 
sealing due to sharper calcite peak. A higher fracture/matrix permeability ratio produces a reduction in 366 
calcium concentration leading to a less dense calcium carbonate precipitation zone. For exceedingly low 367 
flow rate, it was shown that fracture permeability declines, while at a high flow rate the permeability 368 
remains rather constant. In addition, in the case of an intermediate flow rate, the hydraulic aperture could 369 
increase [64].   370 
Generally, a high flow rate brings a huge amount of unreacted or fresh acidic brine in contact with the 371 
fracture surface which aggravates the leaching of minerals from fractured cement wells and leads to the 372 
opening [8,58,66]. A fracture opening increases permeability and, if pressure gradient remains constant, 373 
this process results in a higher flow rate through the fracture.  In fact, a positive cycle is created thereby 374 
increasing permeability. In low flow rate conditions, however, calcium carbonate has enough time to 375 
precipitate at downstream positions which seals the fractures. The concept of residence time on the 376 
characterisation of fracture behaviour, self-sealing or opening, as the ratio of the fracture volume over 377 
the flow rate was stated which determines a threshold for separating these two behaviours 378 
[8,14,48,58,66]. Increasing residence time enhances the opportunity for leached minerals from the 379 
cement at the inlet in supersaturated influent to deposit downstream, and leading to self-healing 380 
behaviour. For low residence time range, leached minerals will be depleted from the fracture without 381 
having sufficient time to deposit at downstream locations, therefore the fracture aperture starts to 382 
increase. Despite statements in [8,48,66] disclosing the residence time threshold as a criterion to separate 383 
self-healing from fracture opening behaviour,  many studies indicated that self-healing behaviour is more 384 
likely to occur at normal conditions of underground carbon storage [13,14,29,47,48,64,69,72–74].  385 
3.3 Mechanical behaviour of cracks 386 
The assumption of plastic behaviour and deformation of cement under stress to block the leakage 387 
pathway was speculated by Huerta et al. [72]. A characteristic dependence was found between fracture 388 
aperture change and confining stress for unreacted fractured cores. A moderate reaction of fracture with 389 
a low pH brine resulted in the aperture alteration twice as high for the same change in the confining 390 
pressure in the unreacted fracture due to loss of mechanical strength on the fracture surface. The 391 
developed reaction of fracture with low pH brine leads to significant plastic defamation and reduces the 392 
confining pressure to its initial value. The mechanical weakening of the cement core due to reaction 393 
causes a fast closure of the aperture with increasing confining stress. Furthermore, the joined degradation 394 
of the cement with decreasing fluid pressure could also result in self-healing behaviour of wellbore 395 
cements [73].  396 
The K (bulk modulus), G (shear modulus) moduli, and the elastic wave velocities of the annular 397 
carbonated samples depicted a high degree of sensitivity to confining pressure, up to 15 MPa. That is 398 
interpreted as the elastic closure of micro-cracks [75]. Performing a sensitivity analysis on the 399 
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experiments is time-consuming and expensive, therefore simulations are preferred. At the beginning of 400 
sealing, changes in the specific area of the portlandite have had the largest effects on the start of sealing, 401 
indicated by sensitivity analysis conducted in [8]. 402 
3.4 Formation of zones 403 
At the inlet of core cement, in flow-through experiments, zone formation is generally more distinct than 404 
downstream locations along the fracture length. Gradually, by closing the outlet, these zones become 405 
narrower, and depending on the residence time, calcium carbonate precipitation begins at a position in 406 
the fracture length where fluid within the fracture becomes supersaturated with the concentration of 407 
calcium content. If this assumed position is beyond the core length then the occurrence of fracture 408 
opening will be more probable, otherwise these process are likely to yield self-sealing [15,76]. 409 
3.5 Conducted experiments for investigating effect of cracks on the rate of 410 
cement alteration 411 
 412 
Table 2 summarises information of experiments which have been conducted to explore mutual effects 413 
of cement degradation on flow through cracks and vice versa. 414 
 415 
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Paper Curing conditions 
Method of 
experiment  
Applied 
temperature 
condition 
 Applied pressure 
condition 
Core 
dimension 
Properties 
of fluid  
Fluid rate/ 
pressure 
gradient 
Aperture 
Time-length 
of 
experiment 
comment 
[14] 
 Class H neat oil well 
cement 
 W/C=0.38 
 Curing procedure: 
samples were cured under 
temperature of 50 ℃ and  
ambient pressure for the 
first 3 days and then 
removed from moulds and 
submerged in water at 
ambient temperature and 
pressure for next 28 days. 
 
 
Flow-
through 
N/A 
Confining 
pressure: around 
500 psi 
 Diameter: 
2.54 cm 
 Length: 
3.19-7.17 
cm 
 Injection 
pH: 2-3.15 
 
Hydrochloric 
acid was 
used as an 
analogue of 
CO2-rich 
fluids to 
decline 
experiment 
time scale 
Flow rate: 
0.1-12 
mL/min 
Initial 
hydraulic 
aperture: 
24-122 𝜇m 
Total fracture 
volume 
injected:1029-
101714 
The solubility of cement 
increases as pH declines, in 
consequence, cations are 
freed (e.g., Ca, Al, Fe) and 
precipitation resulted from 
mixing aqueous phase 
cations with high pH pore 
fluid ahead of the acid 
front. Their experiments 
mostly follow this trend to 
highlight behavioural key 
types rather than 
reproducing precise 
downhole conditions. 
 
[64] 
 A sulphate-high resistant 
Portland cement (SRPC) 
 W/C: 0.4 
 Curing time: 4 months 
 
Flow 
through 
60 ±0.5  ℃ 
Pore pressure: 10 
±0.1 MPa 
 Diameter: 
9 mm 
 Length: 
18 mm 
 Entry brine 
composition: 
0.5 M NaCl 
and 0.053 M 
CaCl2 
 pH of entry 
brine: 3.45 
 Name of 
fractured 
samples: P1, 
P2, and P3 
 Constant 
flow rate: for 
P1: 2 mL/min; 
for P2: 0.2 
mL/min 
Fracture 
aperture; 5 
(P3), 25 
(P2), and 
35 𝜇m (P1) 
using 
micrometric 
gauge sheet 
For P1: 5.5 
hrs; for P2: 50 
hrs 
The detected zones for 
experiment duration of 5.5 
hrs: (i) a high porosity zone 
of around 100- micron-
large; (ii) a dense zone with 
very low porosity of around 
100 microns; (iii) a zone 
with higher porosity than 
the second one but lower 
than the first one of around 
50 microns and (iv) the 
non-reacted cement; for 
experiment duration of 50 
hrs, the same zones were 
identified except the first 
one, and thickness of third 
zones is around 450 
microns. 
[66] 
 Class H ordinary 
Portland cement 
 W/C = 0.38 
 The cement moulds are 
submerged in 1 wt% NaCl 
 Curing time: 72 hrs 
 Pressure: 8.936 MPa 
 Temperature: 50 ℃ 
 Curing time length: 28 
days 
Flow-
through 
25 ℃ 
Confining 
pressure: 6.343 
MPa 
 Diameter: 
37.2 mm 
 Length: 
77.2 mm 
 Brine 
salinity: 1 
wt% NaCl 
 Average 
pH of CO2-
saturated 
brine before 
core 
flooding: 3.9 
Flow rate: 
0.008 cm3/s 
212 𝜇m 
obtained 
from 
computed 
tomography 
(CT) 
images 
190 hrs 
 Three cores were stacked 
together and build a length 
of 224.8 mm 
 Thickness of reaction 
zones at inlet after 190 hrs 
from fracture interface  
towards interior parts of 
cement: (zone 1, high loss 
of calcium, ~ 300 µm); 
(zone 2, precipitation of 
calcium carbonate, ~ 200 
µm); (zone 3, portlandite 
depleted zone, ~ 150 µm) 
[47] 
 Cement class G 
 W/C = 0.4 
 The slurry, firstly, was 
cured for 24 hrs at 
temperature of 50 ℃, then 
placed in a PVC mould for 
duration of four months to 
reach maximum hydration 
Flow-
through 
60 ℃ 10 MPa 
 Diameter: 
9 mm 
 Length: 
18 mm 
Brine 
salinity: 0.5 
M NaCl and  
7.1*10-4 
CaCl2 
 The 
experiment 
have been 
conducted 
under constant 
flow 
conditions 
 Constant 
flow rate: 100 
𝜇𝐿/min, 
corresponding 
pressure 
gradient: 0.5-1 
MPa/m 
The 
mechanical 
aperture 
before 
experiment 
was about 
14 𝜇m 
which was 
in 
reasonable 
agreement 
with 
hydraulic 
aperture 
100 hrs 
Depth of penetration of 
reaction front during 100 
hrs: up to around 1.3 mm 
[73] 
 Cement class H 
 Curing at temperature of 
125 ℉ and under 
atmospheric pressure 
 
Flow-
through 
N/A 
Loading cycle of 
increasing 
confining pressure 
to maximum of 
typically 750 psia 
 Diameter: 
~ 2.5 cm 
 Length: ~ 
5 cm 
CO2-
saturated 
brine 
Flow rate: 
0.01-10 
mL/min 
Fracture 
aperture 
was 
measured 
as a 
function of 
confining 
pressures 
ranges from 
10 𝜇m to 22 
𝜇m 
7 and 12 days 
The joined degradation of 
cement with decreasing 
fluid pressure can result in 
self-healing behaviour of 
wellbore cements 
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 416 
Table 2: Experimental setup used by different authors to analyse cement alteration in the presence of cracks due to 417 
contact with CO2-bearing fluids 418 
4 Effects of gap between the casing and cement on the rate of 419 
cement alteration 420 
Bachu and Bennion [11] carried out two experiments to investigate CO2 leakage through well cements. 421 
Their work was categorised into two main sections; including, a geochemical analysis of CO2 leakage, 422 
and probing effects of radial cracks in cement and annular space between the wellbore casing and 423 
cements. A good quality cement with a permeability of 0.1 𝜇𝐷 was subjected to 90 days of CO2-saturated 424 
brine at in situ conditions. During the first phase of their project the permeability declined promptly. The 425 
rapid fall could be attributed to the formation of a carbonate material layer in contact with the cement 426 
and CO2-saturated brine, which prevents further cement degradation. Moreover, CO2 exclusion led to 427 
multiphase flow and relative-permeability effects which decreased permeability. However, it is possible 428 
that very fine particles freed due to the carbonation process caused plugging and reducing permeability. 429 
A good quality bonding between cements, casing and surrounding rock is a reliable barrier to upward 430 
CO2 movement, though an aperture of 0.01 to 0.3 mm might lead to a remarkable enhancement of at least 431 
six orders of magnitude in permeability.  432 
Carey et al. [12] proposed that an enormous amount of CO2 leakage happens through the casing-cement 433 
microannulus, cement-cement fractures, or cement-caprock interface. A casing-cement microannulus 434 
was simulated in [12] by using core-flood experiments conducted on a synthetic wellbore system. It was 435 
consisted of a cylindrical core cured with an embedded rectangular steel casing which had grooves to 436 
allow fluid flow. A mixture of supercritical CO2 and brine flowed through limestone before entering the 437 
casing-cement grooves. Scanning electron microscopy (SEM) indicated that both the cement and casing 438 
were affected by CO2-brine mixture. 439 
Wellbore integrity problems can usually be divided into two main categories of; poor completion and 440 
abandonment, and the long-term stability of a wellbore in a CO2-rich environment. Although CO2 441 
accelerates steel corrosion and converts Portland cement into mixtures of calcite and silica, the main 442 
aspect that needs to be considered is its impact on wellbore integrity as a function of the fluid dynamics, 443 
reaction kinetics, and stress state of the wellbore. The relative rates of chemical reactions and fluid flux 444 
[48] 
 Cement class H 
 W/C= 0.38 
 Samples, firstly, was 
cured for 3 days at 
temperature of 50 ℃ and 
under ambient pressure, 
then placed in deionised 
water for during of 28 days 
at the same temperature 
and pressure 
Flow-
through  
Around 22 
℃ 
 For constant 
pressure gradient 
experiment:  
Confining 
pressure: 1896-
2457 psi 
Pressure 
differential: 2.0-
55.1 psi 
Flow rate: 0.006-
0.13 mL/min 
 For constant 
flow rate 
experiment:  
Confining 
pressure: 1519-
1653 psi 
Flow rate:0.25-3 
mL/min 
Pressure 
differential: 0.2-
5.7 psi 
 
 
 For 
constant 
pressure 
gradient 
experiment:  
Diameter: 
2.54 cm 
Length: 
21.9-24.38 
cm  
 For 
constant 
flow rate 
experiment:  
Diameter: 
2.54 cm 
Length: 
5.37-7.24  
cm  
 
CO2-
saturated 
distilled 
water 
N/A 
 For 
constant 
pressure 
gradient 
experiment:  
Hydraulic 
aperture: 3-
17 𝜇m 
 For 
constant 
flow rate 
experiment:  
Hydraulic 
aperture: 
33-47 𝜇m 
 
 For constant 
pressure 
gradient 
experiment:  
Total volume 
injected to 
seal: 1.172-
6.51 mL 
 For constant 
flow rate 
experiment:  
Total time: 
477-3034 min 
Residence times were in the 
range of 48-360 s for 
constant pressure gradient 
conditions, while for 
constant flow rate were 
much lower from 1 to 21 s 
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determine if the process is dominated by dissolution and continuous widening or whether the solid 445 
products of reactions precipitate on the interfaces which seals the interface against subsequent fluid flow.  446 
The experiment design in [12] consisted of a 10-cm length of limestone to simulate the movement of 447 
CO2 through reservoir or cap-rock prior flooding into a synthetic 6-cm wellbore constructed of Portland 448 
cement with an embedded rectangular steel casing. Since a confining pressure may probably seal the 449 
cement-steel interface, seven 0.2-0.8 mm deep grooves were carved on the steel surface and 450 
approximately 0.1 mm in the cement. It was ensured that fluid flow only just occurred through the 451 
cement-steel interface due to the extremely low permeability of the Portland cement. The results 452 
illustrated the formation of a ‘wormhole’ at the inlet of the composite limestone-cement/casing, while on 453 
the other end of the limestone core there was no trace of the ‘wormhole’ which was explained by the 454 
solution reaching an equilibrium within the limestone. There were signs of corrosion in both of the outlet 455 
and inlet of the cement. The initial permeability of the assemblage was around 0.52 Darcy (D), and 456 
following the experiment the system was flushed with brine and the permeability at residual CO2 was re-457 
measured to be approximately 0.67 D.  458 
After the experiment, four sections were extracted from the cement-casing core. Examination of the 459 
sample by SEM indicated abundant evidence of chemical reactions between the CO2-saturated brine, 460 
steel, and cement. The Portland cement did not show any notable erosion and CO2 did not diffuse into it. 461 
The analyses disclosed the variation of the chemistry of channel deposits from approximately pure Fe- 462 
to approximately pure Ca- carbonates. Produced fluids from the experiment had abundant brown 463 
precipitates that were considered to be Fe-rich minerals obtained from the steel casing dissolution. 464 
The carbonation included an extension of an orange colour, replacement of primary cement hydrate 465 
phases by calcium carbonates and the loss of residual cement clinker phases. However, the development 466 
of carbonation is a function of a diffusion process within clear carbonated and unaltered cement. 467 
 468 
Fig. 2: Chemical reactions in the cement carbonation (Zone 1) and corrosion of the steel (Zone 2) and exhibition 469 
of the cement–casing contact in the wellbore [12]. 470 
A general combination of the work which was conducted by Carey et al. [12] and the works in [4,55,77] 471 
indicated that Portland cement is resistant to a mass loss in CO2-brine systems. Carey et al. [12] noted 472 
that the diffusion of CO2 into the cement was assumed to be a one-dimensional problem resulted in an 473 
effective diffusion coefficient ranging from 1.1×10-10 to 4.4×10-12 cm2/s for depths of 50-250 𝜇m. It 474 
seems that CO2-brine fluids more corrode the standard steel casing rather than cement. 475 
The acidic brine will affect the steel casing more than the cement. These studies confirmed the presence 476 
of iron carbonates in the gap between the steel casing and the cement. It shows a preferred corrosion of 477 
the steel casing exposed to the acidic brine (CO2-saturated brine) rather than diffusion into the cement. 478 
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Fig. 2 simply illustrates reactions at the casing-cement interface resulting in formation of two main 479 
products of calcium carbonate and iron carbonates. The corrosion generally results in self-healing 480 
behaviour of the gap between the cement and the steel casing at the outlet position. The formation of a 481 
protective iron carbonate scale prevents further corrosion of the casing while the carbonated cement 482 
further protects the casing against considerable corrosion. Typically, corrosion rates decline with time 483 
due to the formation of scale on the surface of the casing. It was shown that scale formation decreases 484 
the corrosion rates of steel by two orders of magnitude compared to fresh steel [26]. Generally, the self-485 
healing behaviour of a wellbore system is still uncertain and needs a systematic investigation of cement 486 
alteration exposed to CO2-rich fluids [23]. 487 
The corrosion rates of mild steel in contact with high-CO2 fluids was modelled by Han et al. [78]. A 488 
corrosion rate of 1.24 mm/year (at temperature: 0 ℃, partial pressure of CO2: 1 bar, in brine of 1 wt% 489 
NaCl) to a maximum of 98.37 mm/year (at temperature: 100 ℃, partial pressure of CO2: 1000 bars, in 490 
brine of 1 wt% NaCl) was predicted. Increasing salinity considerably reduces the corrosion rate; for 491 
example, a threefold increase in salinity 5 to 20% reduces the corrosion rate to around half of its initial 492 
value. The investigation of bicarbonate (HCO3-) impact on carbon steel exhibited that increasing salinity, 493 
in pH ranges of 4-7, declines corrosion rate [79]. Whilst at a higher pH (7-8), bicarbonate concentration 494 
increases due to a higher salt concentration which leads to a higher corrosion rate. 495 
4.1 Conducted experiment on effect of gaps between the casing and cement 496 
on the rate of cement alteration 497 
 498 
Table 3 summarises details of experiments which have been conducted to investigate effect of flowing 499 
CO2-bearing fluids through gaps between casing and cement on their integrity. 500 
 501 
Paper Curing conditions 
Method of 
experiment 
Applied 
temperature 
condition 
Applied 
pressure 
condition 
Core dimension 
Properties 
of fluid 
Fluid 
rate/ 
pressure 
gradient 
Aperture 
Time-length of 
experiment 
comment 
[11] 
 Class G cement 
 Curing time of 
Rod-cement 
sample:14 days 
 
Flow-
through 
 
Temperature 
for rod-
cement 
sample: 60 ℃  
 
Temperature 
for cement 
cores: 65 ℃  
 For rod-
cement 
sample 
Confining 
pressure: 
24100 kPa 
Pore 
pressure:  
13780 kPa  
 For 
cement 
cores 
Confining 
pressure: 
28940 kPa  
Pore 
pressure: 
15160 kPa  
 Diameter of 
3.8 cm and 
length of 3 cm 
for cores which 
their 
permeability 
were measured 
 For Rod-
cement sample: 
Inside diameter: 
3.8 cm 
Outside 
diameter: 7 cm 
length: 9.55 cm 
Brine 
salinity:  
15,000, 
60,000 and 
80,000 mg/l 
of NaCl 
N/A 
 Aperture 
of cracks 
in cement: 
3-5 𝜇m  
 Aperture 
between 
casing and 
cement: 
10-15 𝜇m 
90 days for 
cement cores  
 
 Ethane was used 
instead of CO2 to 
examine the impact of 
the annular gap and 
crack on the effective 
permeability of cement-
casing assemblage 
 Presence of Both of 
gap between cement and 
casing and radial crack 
were investigated 
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[12] 
 Class G cement 
 The steel was 
embedded in the 
centre of the 
cement core 
 Curing time: 1 
month 
 Cement moulds 
were submerged in 
the Ca(OH)2-
saturated water 
 
Flow-
through 
40 ℃ 
 
Confining 
pressure: 
28 MPa 
 Pore 
pressure: 
14 MPa 
 
 Diameter: 5 
cm 
 Length of 
steel-cement 
assemblage: 6 
cm 
 Length of 
limestone core 
before the steel-
cement 
assemblage: 10 
cm 
 
Brine 
composition: 
25000 ppm 
NaCl, 4000 
CaCl2, 1000 
ppm MgCl2, 
and 200 ppm 
MnCl2 
Total 
volume 
of 50:50 
co-
injected 
CO2 and 
brine: 6.2 
litres 
Depth of 
grooves in 
the steel: 
0.2-0.8 
mm and in 
cement: 
~0.1 mm 
394 hrs 
Carbonation depth: 50-
250 µm and depth of 
corroded steel: 25-30 µm 
after 394 hrs 
 502 
Table 3: Experimental setup used by different authors for investigating the effect of gaps between cement and 503 
casing on CO2 leakage 504 
5 Investigation of leakage through the gap between cement and 505 
rock 506 
Injected CO2 steadily migrates upwards, due to the buoyancy force, until reaches caprock. This gas may 507 
be trapped just beneath of the caprock or continue its movement parallel to a tilted caprock [80,81]. 508 
Therefore, poorly cemented wells which penetrate the caprock are highly vulnerable to CO2 leakage from 509 
the node of formation-caprock-cement as the leakage starting point. The low-quality bonding between 510 
the storage formation and cement provides a leakage pathway, albeit the permeability of this pathway 511 
should be higher than surrounding storage formation. Although it is sometimes violated because CO2-512 
bearing fluids move straight towards the node by reason of buoyancy forces and the storage structure 513 
geometry. Many studies are devoted to investigating the effect of CO2 leakage on the aperture between 514 
caprock and cement, please refer to [10,12,29,47,51,59,69,71,82,83] to see more details. 515 
5.1 Predominating phenomena  516 
None of the Elovich and simple diffusive models were able to illustrate the observed silicon and calcium 517 
reaction concentrations (In the work of Walsh et al. [71]). Experiments actually exhibited a 518 
superdiffusive behaviour for the reaction-zone growth, and to address this problem it was suggested that 519 
expanding the reaction-front surface area could be incorporated into the modelling approach. Diffusive 520 
transport into the cement and advective transport along the cement-formation interface can be applied to 521 
investigate wellbore integrity. For example, at the Krechba carbon storage site, Algeria, a reactive 522 
transport model was applied by McNab and Carroll [84]. This model that benefited from a dual porosity 523 
modelling method postulating a Fickian diffusion for transport into and out of cement and an advective 524 
solute transport through the formation. The geochemical model developed by Walsh et al. [71] to 525 
compare the chemical changes of the cement neglects the impact of fracture geometry and dissolution of 526 
carbonate minerals on reactions. Even though this model may sound simple, it includes the precise 527 
regenerated development of reaction-zones and effluent chemistry in large-scale and long-term 528 
simulations. In this modelling, precipitation and dissolution were confined to the reaction fronts to reduce 529 
the computational cost of the simulation at larger scales and time intervals. The experimental results 530 
confirmed the transformation of the C-S-H to an amorphous zeolite phase, and examinations showed the 531 
most probable state for this transformation is analcime. 532 
Duguid et al. [85] conducted an experiment in which cement cores were embedded in sandstone and 533 
limestone cylinders which are two most likely types of reservoir rock. It was exhibited that the cements 534 
embedded in the sandstone seem to be more vulnerable to degradation than those cement cores 535 
surrounded by the limestone rocks. Carbonation of different phases already present in the pores of the 536 
cement does not occur at the same time and, typically, calcium hydroxide reacts prior to C-S-H. At the 537 
beginning of the reactions CaCO3 is stable due to the alkali environment of the pore. However, after a 538 
while, and by depleting Ca(OH)2  and alkali phases from the pores, the pH reduces and leads to the 539 
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subsequent dissipating of the calcium in the major cement phases, therefore only a porous silica gel will 540 
remain.  EQ3/6 (a software package for geochemical modelling of aqueous systems) of Wolery and Jarek 541 
[86] was applied by Duguid et al. [85] for modelling batch systems by considering limestone as CaCO3 542 
and sandstone as SiO2. Results showed that the cement-limestone did not demonstrate a considerable 543 
alteration after being exposed to carbonated brine. Whereas the cement-sandstone samples experienced 544 
a clear change started from the interface of the cement and sandstone towards interior parts of the cement. 545 
The cement-sandstone composite experiments demonstrated a diffusion-controlled attack at both room 546 
temperature and 50℃ during the first 6 months of the experiment. Because the depth of penetration of 547 
the visible reaction zone showed a linear growth versus Boltzmann variable, t1/2/r. Where r is the shortest 548 
distance between measurement point and the edge of the sample, and t is time,. During the next six 549 
months, the slope of penetration depth into the cement in contact with the sandstone versus Boltzmann 550 
variable or the square root of time altered, probably due to a change in the governing dissolution reaction 551 
and pores becoming clogged by CaCO3 precipitation when exposed to carbonated brine at a pH between 552 
3 and 5.  553 
5.2 Change in cement properties 554 
Recently, Connell et al. [87] conducted two core flooding experiments at similar conditions to geological 555 
carbon sequestration using a composite of cement-sandstone core plugs in order to investigate cement 556 
degradation at the cement-formation interface. Given that the permeability of intact cement is 557 
exceedingly low and that typically the measurement of degradation is time-consuming, in order to solve 558 
this problem a composite of cement-sandstone core plug was constructed which allowed enough flow of 559 
water on the basis of the high permeability of the sandstone. Cement and sandstone halves were stacked 560 
together in the experiment, therefore in practice no aperture existed between them. Brine was prepared 561 
by mixing known quantities of NaCl, MgSO4, and CaCO3 with water. Cement degradation requires two 562 
conditions to be met; firstly the undersaturated formation waters in calcium and carbonate ions, and 563 
secondly a flow of fresh water into the cement-sandstone interface to transport these solutes away.  Non-564 
carbonate reservoirs are more prone to cement degradation due to undersaturated formation waters in 565 
calcium and carbonate. Despite the expected increase in porosity of the amorphous and depleted layers, 566 
permeability exhibits a decline probably due to the formation of calcium carbonate, the low density of 567 
the amorphous silicate, and enhanced compressibility of changed layers. In addition to the reactions that 568 
affect cement and the transport behaviour during its exposure to CO2, its mechanical properties also 569 
undergo an alteration which impacts on the porosity and permeability of the cement. A model was 570 
represented by Walsh et al. [10] based on the nano-indentation, x-ray tomography, and digital image 571 
correlation data. This model characterises the relevance of the reaction layers to the mechanical response 572 
of the cement interfaces. The model was developed to relate the fracture conductivity to the applied stress 573 
and the extent of reaction. In this experiment, it was assumed that the majority of flow occurred through 574 
the fracture rather than the cement matrix, therefore, the hydraulic aperture was used to represent the 575 
hydraulic properties of the cement-rock core. The linear relationship between effective stress and the 576 
hydraulic aperture was based on the fact that every model exhibits a linear behaviour over some ranges. 577 
However, changes in the matrix permeability were omitted from calculations and the fracture was 578 
considered as the main flow path. The hydraulic aperture decreased because chemical reactions weaken 579 
the asperities (asperities keep the fracture aperture open) in the cement-rock interface. This process leads 580 
to the fracture closing due to confining pressure burden on the sample. Nano-indentation measurements 581 
showed that the amorphous layer is the most compressible layer, followed by the calcium-depleted layer, 582 
while calcium carbonate layer remains the stiffest layer, equal or just above the strength of the unreacted 583 
layer against deformation. A reaction model was developed by Mason et al. [9] in which the reaction 584 
path is linked to the mechanical response of the changed zones and their corresponding impact on the 585 
wellbore performance in CO2 storage environments The majority of the amorphous component was 586 
assigned to the amorphous aluminosilicate with similar composition to the zeolite minerals of the 587 
mordenite or clinoptilolite. This work illustrated that during the exposure of cement to CO2, an alteration 588 
of C-S-H occurs simultaneously with calcium carbonate precipitation, resulting in a final phase of 589 
amorphous zeolite rather than amorphous silica. 590 
The depth of penetration of the reaction front into the cement, in work of Walsh et al. [29], was about 2 591 
mm after eight days. This value was greater than depths reported in [12,25,55]. This observation was 592 
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attributed to the differences in brine chemistry and flow rate. Generally, experiments conducted under 593 
flow-through conditions show deeper penetration rather than the static condition, whereas by decreasing 594 
the flow rate the thickness of the calcium carbonate zone increases. Depending on brine chemistry and 595 
at larger time scales, the precipitation of calcium carbonate and the volume fraction of calcite determine 596 
the relative speed of leading edge of the calcium carbonate layer and depleted region. Tortuosity also 597 
influences the general rate of propagation. Simulations illustrated an increase in the porosity value, while 598 
total permeability decreases, in part as a result of swelling in the amorphous silicate layers, and 599 
mechanical degradation of the asperities acting as pillars. Numerical modelling of the carbonation 600 
process by Geloni et al. [51] which includes portlandite dissolution and precipitation of calcium 601 
carbonate simultaneously by partially C-S-H dissolution showed, in contrast, a reduction in the porosity. 602 
During the next phase, however, the so-called degradation process mostly was dominated by dissolution 603 
of precipitated calcium carbonate, results in a porosity increase. The simulation predicted that the 604 
reaction front penetrates 0.12 m into cement during a period of 100 years. 605 
5.3 Conducted experiments on the effect of the gaps between cement and rock 606 
on CO2 leakage 607 
 608 
Table 4 shows information of experiments which have been conducted to investigate the mutual impacts 609 
of flow of CO2-bearing fluids on gaps between cement and rock, and vice versa. 610 
 611 
Paper 
Curing 
conditions 
Method of 
experiment  
Applied 
temperature 
condition 
 Applied 
pressure 
condition 
Core 
dimension 
Properties of fluid  
Fluid rate/ 
pressure 
gradient 
Aperture 
Time-length of 
experiment 
comment 
[29] 
 Class G 
Portland 
cement 
 Curing in 
accordance 
with ASTM 
Test Method 
C114 
 
Flow-
through  
60 ℃ 
 Confining 
pressure: 
24.8 MPa 
 Outlet 
pore 
pressure: 
12.4 MPa 
 Diameter: 
15 mm 
 Length: 
30-37 mm 
Brine salinity 
(mol/L): 
NaCl:1.01 
Na2SO4: 3.69*10-2 
MgCl2:1.59*10-2 
CaCl2: 3.53*10-2 
NaHCO3:7.92*10-3  
Constant flow 
rate: 1 cc/min 
20-100 𝜇m 
deep pockets 
using bead-
blasting 
method on the 
surface of the 
cement half 
8 days 
 The caprock halves consist 
of full dense calcite-
cemented, quartz-sandstones. 
 Depth of reaction front 
penetration: 2 mm. 
[9] 
 Class G 
Portland 
cement 
 W/C: 0.4 
 Initial setup 
time;1-2 days 
 After being 
placed in the 
autoclave: 
Temperature: 
50 ℃ 
Pressure: 15 
MPa 
 Curing time-
length in 1 
%wt NaCl: 
more than 28 
days 
 
Flow-
through 
60 ℃ 
 Confining 
pressure: 
24.8 MPa 
 Pore 
pressure: 
12.4 MPa 
For 
additional 
NMR 
experiment, 
pore 
pressure: 
6.5-7.0 MPa 
 
 Diameter: 
15 mm 
 Length: 
37 mm 
 Initial chemistry of 
brine and dissolved 
CO2 are 
representatives of 
CO2-EOR 
 Composition 
(mol/kg H2O): 
NaCl: 1.01 
Na2SO4: 0.0369 
MgCl2: 0.0159 
CaCl2: 0.0353 
NaHCO3: 0.00792 
 Average 
flow rate: 0.5 
cm3/min 
 For 
additional 
NMR 
experiment, 
flow rate: 
0.10 cm3/min 
Aperture: 15 
𝜇m 
The core was 
equilibrated with 
brine for 7 days 
prior to reaction 
with CO2-
saturated brine 
for 7 days 
 The caprock halves consist 
of full dense calcite-
cemented, quartz-sandstones 
 CO2 saturation at pCO2= 
3MPa with brine for 8 hrs 
 The Final result of C-S-H 
alteration was an amorphous 
zeolite rather than an 
amorphous silica and this 
change was assumed to occur 
simultaneously with the 
calcium carbonate 
precipitation. 
 Thickness of different 
layers:  
amorphous silica layer: 930 
µm 
carbonate layer: 190 µm 
depleted region: 650 µm 
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[71] 
 Class G 
Portland 
cement 
Preparation 
according to 
ASTM Test 
Method C114 
Flow-
through 
60 ℃ 
 Confining 
pressure: 
24.8 MPa 
 Pore 
pressure: 
12.4 MPa 
 
 Diameter: 
15 mm 
 Length: 
30-37 mm 
Brine was initially in 
equilibrium with 
calcite and dolomite 
at 60℃. 
 Constant 
flow rate: 
0.01, 0.025, 
0.05, and 0.1 
mL/min 
 12 hrs takes 
for solving of 
CO2 (pCO2: 
1-3 MPa) in 
brine 
Aperture 
varies between 
21.9 𝜇m to 
143.7 𝜇m 
4, and 8 days 
 The caprock half is a full 
dense calcite-cemented, 
quartz-sandstone 
 Three main types of surface 
were supposed at the 
interface of cement and 
caprock including surface 
with channel, gridded 
surface, and rough surface.  
 13 core-flood experiments 
were conducted. 
 Boundary between the 
unreacted cement and 
portlandite depleted regions 
moved around 2 mm in 8 
days. 
[85] 
 Class H 
cement 
 W/C: 0.38 
 Curing time-
length: 7 
months 
 Cement 
samples were 
submerged in 
0.5 M NaCl 
Batch 
system 
Room 
temperature 
and 50℃ 
Atmospheric 
pressure 
The cores 
were built 
by cutting 
off stone 
cores (with 
diameter of 
55 mm and 
~ 10 cm in 
length 
which have 
a 25-mm 
diameter 
hole drilled 
off centre 
filled with 
cement) 
into nearly 
1-cm-tall 
slices 
 pH of introduced 
brine into sandstone-
cement core: 3-5 
 pH of introduced 
brine into limestone-
cement core: 5-7 
 
N/A N/A 
Samples were 
removed from 
the reactor at 1, 
2, 3, 6, and 12 
months from the 
beginning of the 
experiment 
 Depth of reaction front 
penetration into sandstone–
cement cores: 270-322  µm 
over a period of  1 year at the 
nearest position to the brine-
stone interface and room 
temperature; up to 577 µm 
over a period of 1 year at the 
same position and 50 ◦C. 
 Experiments at 50 ◦C 
limestone–cement and room 
temperature limestone–
cement never showed any 
visible reaction zone within 
the cement. 
[87] 
 Class G 
cement 
 
Flow-
through 
50 ℃ 
Confining 
pressure: 10 
MPa 
 Diameter: 
53 mm 
 Length: 
25 mm 
 Brine salinity in 
experiment 1 (in g/l) 
NaCl: 20.7  
MgSO4: 2.6 
CaCO3: 0.78 
 Brine salinity in 
experiment 2 (in g/l) 
NaCl: 1 
MgSO4: 0.3 
CaCO3: 0.5 
The upstream 
works at 
constant flow 
rate while at 
the 
downstream 
position fixed 
pressure 
dominates on 
flow 
 
The cement 
was casted 
around a 
sandstone 
block and 
cored on 
perimeter 
which cement-
sandstone 
interface bisect 
the core, 
therefore 
actually there 
is no initial 
aperture 
104, and 105 
days 
The core sample is a 
composite of cement and 
sandstone halves 
 612 
Table 4: Experimental setup used by different authors for investigating effect of gaps between caprock and cement 613 
on CO2 leakage 614 
6 Geomechanical investigation 615 
The cement slurry design is of great importance because the higher flexibility of this system results in 616 
being able to sustain a large pressure differential across the cement plug [88]. In fact, expansion due to 617 
internal casing pressure or temperature, cyclic pressure fluctuation, thermal gradients, and long-term 618 
cement shrinkage may lead to cement sheath failure providing pathways for leakage of CO2 upwards 619 
[89,90].  620 
6.1 Change in mechanical properties  621 
A fractured cement similar to the conductive pathways within a cemented annulus was examined by 622 
Huerta et al. [72]. Hydraulic conductivity was measured under confining stress to investigate the effect 623 
of the increasing confining pressure on the size of the aperture. The probable self-sealing behaviour of 624 
the conductive pathways under the constant effective stress was confirmed. Although there may also be 625 
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other pathways for the leakage of CO2 to the surface, such as microfractures, microannulus, or channels 626 
as the most potential conduits. Lack of good quality bonding between the cement and casing or 627 
surrounding rock results in microannulus. Microfractures are formed by tensile stress of cement.  The 628 
incomplete replacement of mud by slurry or the permeation of gas into the cement before setting can lead 629 
to the formation of channels, which are the most prevalent leakage conduits. Huerta et al.  [72] speculated 630 
the assumption of plastic behaviour and deformation of the cement under stress to block the leakage path. 631 
To accelerate the process of degradation in their experiment HCl was used, even though the reaction of 632 
cement with HCl and acidified brine is completely different although the effect on the mechanical 633 
strength is the same [25,91]. For the same change in the confining pressure, the moderate reaction of 634 
fracture with a low pH brine resulted in an aperture alteration twice as much as in the unreacted fracture. 635 
This may be caused by the loss of mechanical strength on the fracture surface due to the degradation. 636 
Nevertheless, the developed reaction of the fracture with low pH brine leads to a significant plastic 637 
deformation and lowering of the confining pressure to its initial value. 638 
The occupied space of the portlandite after dissolution becomes a part of the connected macroporosity, 639 
while calcium leaching of the C-S-H leads to no evident change in the nanoporosity nor in the mechanical 640 
continuity of the microscopic solid phase [92]. Two main asymptotic states of equilibrium are expected, 641 
firstly an unchanged cementitious material, and the other is the state in which calcium concentration is 642 
homogeneously leached from the cementitious material and no further change is expected to happen in 643 
the calcium concentration of the solid phase. Therefore, the spontaneous alteration of leaching can be 644 
predicted by following non-equilibrium thermodynamics between these two asymptotic states [92]. The 645 
built-in framework predicts that the elasticity domain of cementitious materials is influenced by chemical 646 
degradation and mechanical loading.  The impact of mechanical changes on the portlandite dissolution 647 
kinetics, however, were assumed negligible. C-S-H dissolution does not change the texture but 648 
composition which is considered as a second dissolution front that propagates behind the portlandite 649 
dissolution front. Indeed, portlandite dissolution affects the present pore space and provides an additional 650 
pore space for solid phase expansion in the period of plastic dilatation in compression which postpones 651 
the failure along the shear planes, whereas dissolution of the C-S-H results in a net chemomechanical 652 
softening [93]. 653 
Measurement of static moduli and the mechanical strength by a triaxial apparatus, and dynamic elastic 654 
moduli by S and P waves demonstrated carbonation as a reason for porosity decrease, permeability 655 
change, and an increase in mechanical properties including mechanical strength and elastic moduli [75]. 656 
Dried samples exposed to wet supercritical CO2 illustrate a homogeneous carbonation without an evident 657 
carbonation front, indicating that wet supercritical CO2 diffuses into the dried unsaturated cement core 658 
rapidly.  Wet specimens showed an annular carbonation with a sharp carbonation front (11-mm 659 
movement towards internal parts of the cement in the period of 62 days). The samples with annular 660 
carbonation were highly sensitive to confining pressures up to 15 MPa, which can be interpreted as the 661 
elastic closure of micro-cracks. Annular carbonated cement samples suffered more damage than 662 
homogeneous carbonated samples as a probable result of difference in stiffness between the carbonated 663 
and dissolution zones or pore overpressure due to precipitation. Samples with a carbonation front 664 
exhibited a high degree of sensitivity to pressure, which can only be explained by the extension of the 665 
microcracks around the carbonation front leading to the degradation of the mechanical strength and an 666 
increase in permeability when deviatoric stress is present. It is notable that considering static conditions 667 
for carbonation may result in degradation of cement but not as severe as when the core cement is flooded 668 
with CO2-rich fluids. 669 
Due to the inhomogeneous carbonation in samples, conventional mechanical tests are not universal and 670 
representative of changes. Accordingly, the scratch examination of the sample at the length scale of 671 
millimetres and nano-indentation at the length scale of micrometres were performed to evaluate the 672 
changes of the mechanical properties due to chemical reactions. Lecampion et al. [94] examined the 673 
macroscopic alteration of the material failure properties in a closed system at high temperature and 674 
pressure between carbonated and unreacted zones. They used macroscopic scratch and nano-indentation 675 
grid which probes material changes at smaller scales. For any value of the fugacity of CO2, the Gibbs 676 
free energy of the portlandite and C-S-H reactions with CO2 is negative and these reactions derive 677 
forward to be completely depleted from the reactants. Scratch tests provide this opportunity to measure 678 
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the mechanical strength of the specimens at macroscopic scales without any enormous damage to the 679 
sample.  It should also be noted that the scratch test is widely being used for the sedimentary rock 680 
characterisation. This investigation clearly illustrated two main zones: a stronger area which matches the 681 
carbonated rim and the zone in the centre of the core with an average horizontal cutting force similar to 682 
the unreacted cement. In general, the pure cutting force is imposed on the cutter which is used by the 683 
scratch test. The obtained thicknesses for the carbonated zones (thickness of carbonation rim was 2-3 684 
mm after 88 hrs in samples exposed to wet supercritical CO2 or CO2-saturated water and 5-7 mm after 685 
523 hrs) from the scratch test were of the same magnitude which were visually measured.  It was also 686 
reported that carbonation increases the strength of cement. Two main results were obtained from the 687 
chemical analysis. Firstly, the carbonated matrix was initially composed of the silica gel, calcite, and 688 
declassified C-S-H. Secondly, representative elementary volume (REV) scale increased which means 689 
more heterogeneities at small scale. Both of the scratch and nano-indentation tests supported the 690 
existence of a centre with properties very similar to the unreacted cement and a carbonated zone which 691 
is stiffer than initial cement. Studies at lower scales indicated that C-S-H matrix incurred a notable change 692 
[94]. 693 
6.2 Response of leakage pathways affected by mechanical degradation 694 
The carbonation process in cement leads to the formation of cracks and a remarkable strength loss 695 
resulting in a large difference between the calcite layer and unaltered cement of the sample in terms of 696 
mechanical strength. For example, the carbonation process results in difference between Young’s moduli 697 
of unreacted cement and calcite layer which leads to the calcite layer compression [45]. Measurements 698 
of the hardness and Young’s moduli values at reaction zones locations indicated a high degree of 699 
heterogeneity at scales of micrometres [9].  700 
Cyclic loading of cement cores illustrated a decline in aperture size with increased confining pressure, 701 
work hardening, and hysteresis in loading and unloading cycle [73]. It was shown that mechanical 702 
weakening of the cement core due to reaction eventuates in a fast closure of aperture with increasing 703 
confining pressure. In fact, a combination of the degradation of the cement and decreasing fluid pressure 704 
could result in self-healing behaviour of leaky wellbore cements. The fracture clogging may also result 705 
from a reduction in the strenght of the asperities which keep fractures open or swelling in the amorphous 706 
silica layer immediate to the fracture. However, Brunet et al. [8] suggested that the dissolution of cement 707 
and high flow velocities may mechanically remove material within fractures which increases the 708 
probability of precipitation and blockage. Mechanical displacement of cement grains elevates the chance 709 
of aperture size reduction due to the trapping these grains in the fracture. 710 
Self-healing behaviour of the cement in reaction with CO2-rich fluids is highly likely either due to 711 
mechanical softening of reaction products, precipitation, and volume changes of reaction products. From 712 
a thermodynamical view, the reaction of the CO2-water system with Portland cement is rapid, however, 713 
Portland is able to isolate wells from surrounding formation and maintains that state due to the coupled 714 
flow of reactants and the rate of reactions. In fact, the cement carbonation leads to reduced permeability 715 
and enhanced mechanical strength [23].  716 
7 Discussion  717 
7.1 Hydration and curing 718 
The cement Portland clinker is generally formed of tricalcium silicate (3CaO.SiO2 or C3S), dicalcium 719 
silicate (2CaO.SiO2 or C2S), tricalcium aluminate (3CaO.Al2O3 or C3A), and tetracalcium aluminoferrite 720 
(4CaO. Al2O3.Fe2O3 or C4AF) which are accounted for solid phase solution [95,96]. The addition of 721 
water to the cement Portland is an exothermic process. C3A hydrates faster than the other cement 722 
components and causes early strength developing, however, setting time is controlled by adding gypsum. 723 
C3A is highly soluble in water, even more than C3S, and releases large amount of energy which may 724 
result in cement setting within a few minutes. This phenomenon known as flash set controlled by adding 725 
gypsum [96]. C4AF has little effect on physical properties of the cement paste and its hydration reaction 726 
are similar to those of C3A [83,95,96]. The reaction of C3A in presence of gypsum with water results in 727 
formation of ettringite (Ca6Al2O6(SO4)3.32H2O). Usually, the gypsum content of cement is depleted prior 728 
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to the complete consumption of C3A. The produced ettringite reacts with C3A and water to forms 729 
monosulfoaluminate (3Ca4Al2O6(SO4).12H2O) [96]. In fact, most of ettringite converted to 730 
monosulfoaluminate within the first days due to lack of gypsum as follow: 731 
 732 
𝐶𝑎6𝐴𝑙2𝑂6(𝑆𝑂4)3. 32𝐻2𝑂 + 2𝐶3𝐴 + 4𝐻2𝑂 → 3𝐶𝑎4𝐴𝑙2𝑂6(𝑆𝑂4). 12𝐻2𝑂 Eq. 8 
C3S reacts faster than C2S and is responsible for strength at all the times while C2S mostly affects the 733 
final strength development of the cement paste [95]. The reactions of C2S and C3S with water produce 734 
C-S-H and portlandite: 735 
 736 
2𝐶3𝑆 + 6𝐻2𝑂 → 𝐶𝑎3𝑆𝑖2𝑂7. 3𝐻2𝑂 + 3𝐶𝑎(𝑂𝐻)2 Eq. 9 
2𝐶2𝑆 + 4𝐻2𝑂 → 𝐶𝑎3𝑆𝑖2𝑂7. 3𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2 Eq. 10 
C-S-H (here Ca3Si2O7·3H2O ) is the primary binding phase which is amorphous with Ca:Si ratio ranging 737 
from 1.5 to 2.0. Portlandite is a crystalline phase which occurs in hexagonal plates. Generally, C-S-H 738 
composes up to 70% of hydrated cements, and between 15 to 20% of the hydrated cements are formed 739 
of portlandite [30,96].  740 
The oilwell cementing is usually accompanied by adding different types of additives to modify the 741 
rheological properties of cement slurry to bear underground formation conditions and at the same time 742 
remain pumpable during the cementing operation. The high pressure and temperature affects the 743 
hydration process. The hydration process is complicated, since C-S-H is a non-stoichiometry product, 744 
and combining new additives into the cement slurry make the prediction of the cement set composition 745 
more difficult [97]. The National Institute of Standards and Technology (NIST) provided free models to 746 
simulate cement hydration and degradation [98]. Moreover, some attempts have been done to calcify the 747 
resultant composition of cement after hydration [97,99–101]. Nonetheless, it is still challenging to know 748 
the final composition of cement after the hydration under high pressure and temperature conditions.  749 
 750 
7.2 Preparing method of cement cores 751 
The experimental method for examining the impact of the aperture between the casing and cement on 752 
CO2 leakage, typically based on embedding a steel casing within cement [11,12]. Moreover, coupled half 753 
cylindrical cores were designed for evaluation of the separation effect between rock and cement on the 754 
CO2 leakage process. Generally, prior coupling, the cement half core is subjected to sandblasting for 755 
generating an aperture of an arbitrary size to prevent it from closing due to confining pressure [29,66]. 756 
Investigations into the alteration of cement due to CO2-bearing fluids’ exposure at the interface between 757 
cement and storage formation or cement and caprock have been conducted by using cylindrical cores 758 
composed of cement and rock halves. Generally, the gap between them was maintained by applying 759 
asperities or cement surface sandblasted heterogeneously/regularly using special masks for obtaining an 760 
arbitrary separation. Sandblasting may also be applied to achieve regular patterns or separation gap for 761 
evaluating cement alteration rate in presence of cracks.  Likewise, a Brazilian method commonly used 762 
to develop heterogeneous cracks through cement cores. To investigate cement alteration surrounded by 763 
different rock types, Duguid et al. [85] drilled a stone rock off-centre and filled in the hole with the slurry 764 
to set. This system probes the impact of flow/diffusion through a rock prior to encountering cement 765 
sheath. Numerous studies simulated the real variation that occurred in brine composition when passing 766 
it through a formation surrounding a well before reaching the cement interface by altering brine 767 
composition to be saturated with minerals present in the formation (e.g., works in [9,29]). On the other 768 
hand, carbonate or sandstone beds were embedded before core samples in some studies to simulate the 769 
actual underground formation which brines pass through [12].  770 
7.3 Brine salinity changes prior to cement exposure 771 
CO2-bearing fluids prior to being exposed to cement,  in forms of well lining and cappings, pass through 772 
rocks such as limestone, dolomite, or sandstone as the most probable occurring rock types in storage 773 
sites. This process alters the salinity of the CO2-bearing fluids, increasing the calcium concentration as a 774 
result of an interaction with carbonate rocks surrounding the cement. This interaction reduces their 775 
capability in dissolving more calcium from the cement. On the other hand cements surrounded with 776 
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clastic sedimentary rock are more vulnerable to damage due to exposure to the CO2-bearing fluids. To 777 
simulate this condition, typically, researchers try to change brine salinity to match the brine composition 778 
and its acidity under sequestration conditions when encountering the cement surface. Building cement-779 
rock assemblies is another way which mimics the passage of CO2-saturated brine through rocks prior 780 
reaching the cement surface in underground formations [12,27,85]. Although, reactions between aqueous 781 
phases are fast enough to be considered in their equilibrium state, reactions between solid and aqueous 782 
phases are not fast and should be kinetically investigated. In underground formations, due to low velocity 783 
of brine close to the abandoned wells, CO2-bearing fluids have sufficient time to reach an overall 784 
equilibrium during passing through rocks surrounding the well cements. Therefore, short-length rocks 785 
may not give required time for passing fluids to equilibrate with the solid phases. This should be 786 
considered in experimental design.  787 
A simple solution is to add components to CO2-bearing fluids which are similar to the fluid composition 788 
expected to obtain from long-term contact between CO2-bearing fluids and rocks under geo-sequestration 789 
conditions [9,29,64,87]. This method seems to be safe which increases confidence in the results and saves 790 
more time. 791 
7.4 Role of general geo-sequestration conditions  792 
A higher amount of CO2 dissolves in brine with increasing pressure, while increasing the temperature 793 
and salinity reduces the CO2 solubility in brine [37,38,102]. A high ratio of portlandite to porosity results 794 
in the forming of sharp calcium carbonate precipitation zone which makes diffusion of CO2 into cement 795 
more difficult. In contrast, the low-portlandite and high-porosity ratio leads to a reduction in the 796 
probability of clogging [57]. The applied ratios of water to cement for building the slurry have a highly 797 
determinative impact on the strength and durability of the cement. The lower the water to cement ratio, 798 
the higher the durability and strength of the cement [23,83,103]. Furthermore, curing of cement at 799 
pressure and temperature associated with underground formation commonly increases the resistance of 800 
cement against carbonic acid attack [25]. Additives also change the rate of the front penetration into the 801 
cement, such as pozzolan-amended cements which are harder than neat cement types but the rate of 802 
penetration is noticeably higher than for neat cements [44,58,61]. Under geo-sequestration conditions, 803 
exposing cement to CO2-bearing fluids at static or flow-through conditions affects the boundaries of 804 
cement and CO2-bearing fluids to a great extent.  Under static conditions, after a period of time the 805 
reactions between the solid and aqueous phases reach an equilibrium which may restrict the depth of 806 
penetration, depending on the compositions of both. In spite of the static condition, subjecting a cement 807 
type to the flow of CO2-bearing fluids continuously brings fresh CO2-bearing fluids in contact with the 808 
cement, thus the penetration front would probably continue to its motion within cement under this 809 
condition.  810 
7.5 Formed zones and fronts 811 
Generally, cement exposure to CO2-bearing fluids results in the formation of four main zones including 812 
an unaltered cement zone, a portlandite dissolution zone, a calcium carbonate precipitation zone, and an 813 
amorphous silica gel zone [4,18,25,35,50,47,58,73,85,104,105]. This includes three corresponding fronts 814 
as follows: a portlandite dissolution front, a calcium carbonate precipitation front, and a calcium 815 
carbonate re-dissolution front dominate the formation of the four main zones [18,62,92].  816 
Calcium leaching from C-S-H occurs in both the calcium carbonate precipitation zone and the amorphous 817 
silica gel zone [33]. Calcium carbonate is more stable than portlandite in contact with the CO2-bearing 818 
fluids. The process of CO2 dissolution into pore water and the conversion of portlandite to calcium 819 
carbonate (or calcite which is the most stable form of calcium carbonate) is referred to as carbonation. 820 
Most of the so-called degradation processes occur at the calcium carbonate re-dissolution front or 821 
amorphous silica gel zone which is sometimes referred to as the bicarbonation process [83]. Generally, 822 
the main cement alteration process happens during the first hours or days of tests [11,18,25,27,29].  This 823 
phenomenon confirms that a decrease in porosity and permeability in the calcium carbonate precipitation 824 
zone prevents CO2-bearing fluids moving further into the unaltered cement zones, although porosity 825 
increases due to portlandite dissolution and bicarbonation. Carbonation processes typically start at a 826 
higher pH in comparison with the required pH for activating bicarbonation processes [33,85]. The 827 
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movement of the carbonation front into cements and its thickness is a function of the pressure, 828 
temperature, salinity of ubiquitous brine, mineralogy of the cement, and boundary conditions. 829 
7.6 Predominating phenomena 830 
Reaction kinetics are typically faster than diffusion rate, therefore diffusion was assumed to dominate 831 
the permeation of fluids into cements. Besides, advection may also be considered responsible for the 832 
transport along the interface of cement and rock, cement and casing, or cracks in cements [13,26,85,106]. 833 
In theory, Fickian diffusion was postulated for transport into cement in many studies, even though in 834 
some experiments this rule is violated. Fast reaction of calcium carbonate probably justifies assumption 835 
of neglecting reaction kinetics. Although formation of metastable forms of calcium carbonates, i.e., 836 
vaterite and aragonite, emphasizes effect of carbonation kinetics. In fact, mineral-solution equilibrium is 837 
established slower than reactions occurring in aqueous phase. Therefore, involving reaction kinetics 838 
represent the reality of process more accurately.  839 
Movement of CO2-bearing fluids within cement or rock is accompanied by reactions between solid and 840 
aqueous phases and reactions between components present in aqueous phase together. Generally, 841 
reactions occurring within aqueous phase are faster than dissolution of solid phases in CO2-bearing fluids. 842 
Although, it is not an accurate assumption but still possible to assume reaction rates of solid phases with 843 
aqueous phases are also fast. This assumption simplifies the formulations dominating movement of CO2-844 
bearing fluids within cement by removing mass action laws (describing dissolution of solid phases in 845 
aqueous phase) from consideration. Due to high speed of reactions involved in this process in comparison 846 
with the diffusion of species, the dominating process will be the diffusion phenomenon. Depending on 847 
geo-sequestration conditions this assumption may be an acceptable simplification 848 
[15,24,26,43,49,47,51,57,64,69,85,106]. In some cases, reactions between the solid and aqueous phases 849 
are not fast enough to neglect their impacts. The reaction rates also affect the concentration of passing 850 
species through the porous medium. Thereby, it will be necessary to include their contribution to the 851 
process by considering mass action laws. The added sections makes the governing equations more 852 
difficult, since they are differential equations which should be solved along the algebraic equations 853 
(representing fast equilibrium states) in each time step simultaneously with diffusion equation. Albeit, 854 
this methodology increases the accuracy of predictions, but, it is time-consuming [25,31,33,43,45,57]. 855 
7.7 Impact of residence time 856 
Typically, the length of time in which a cement surface exposed to CO2-bearing fluids is called residence 857 
time. A long residence time means that fluids have enough time to become closer to the equilibrium state 858 
of reactions between the solid phase and the aqueous phase. As a result, the fluid phase is saturated by 859 
the leached calcium content from the degraded cement. Based on the difference in the concentration of 860 
calcium content between the fluid phase and the pore fluid, the diffusion phenomenon motivates 861 
depletion of calcium from the cement matrix into the fluid at the interface. The saturated CO2-bearing 862 
fluids regarding calcium gradually moves along the crack or the gap. In the next positions along the 863 
interface, the highly calcium saturated fluid phase starts to precipitate due to more calcium content 864 
compared to the adjacent cement pores, and pH reduction. In the short-residence times, the entry fluid 865 
degrades the inlet areas of cracks or gaps but not deep as much as the long-residence times. The lower 866 
calcium content, the lower affected pH degree, and shorter contacting times at downstream areas reduce 867 
the risk of calcium precipitation in these areas. Therefore, a stronger acidic fluid increases probability of 868 
degradation, even in the case of probable calcium precipitation on the surface of cements [15]. It seems 869 
that the long-residence times lead to self-healing behaviour while the short residence-times may not 870 
affect the aperture size or even widen the separation under more severe conditions. It is reasonable to 871 
assume the self-healing behaviour as a default change that may undergo during the cement exposure to 872 
CO2-bearing fluids. This is due to low-velocity which is mostly governing on the near abandoned well 873 
[8,48,58,66,107]. To separate the self-healing from the non-sealing behaviours, Brunet et al. [8] and Iyer 874 
et al. [107] developed maps based on the initial residence time and the initial fracture aperture which 875 
determine a threshold for self-healing behaviour. 876 
Overall, residence time is highly determinative of the fracture behaviour, self-sealing and opening. A 877 
long residence time increases the pH and Ca2+ concentration in the fracture, and calcium carbonate 878 
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precipitation which eventually leads to flow reduction. This phenomenon results in a positive feedback 879 
that under constant pressure gradient accelerates the self-sealing process. During short residence times, 880 
brine is replenished quickly which reduces the pH and Ca2+ concentration in the fracture. Accordingly, 881 
the dissolution of cement matrix continues which keeps the fracture open or even widens the aperture. 882 
[8,48,58,66]. 883 
7.8 Changes in porosity and permeability 884 
Porosity increases due to portlandite dissolution and calcium leaching from the silica gel layer right after 885 
the cement-brine interface.  In this case, cement mechanical strength degrades. In the zone between silica 886 
gel layer and portlandite dissolution, typically calcium carbonate precipitation occurs. This phenomenon 887 
may increase the mechanical strength of this zone to or just above the unaltered zone, and leads to a 888 
porosity reduction [10,27,45,72,75,94,108,109]. Although the dissolution of calcium hydroxide may 889 
result in a slight increase in porosity [25], C-S-H dissolution contributes substantially to porosity increase 890 
[57].  891 
Generally, the altered cement matrix shows a permeability variation from the cement-brine interface to 892 
the inner parts of the cement which no alteration occurred and mostly called the unaltered zone. The 893 
permeability of the unaltered zone remains intact. The dissolution of portlandite in the next region 894 
adjacent to the unaltered zone increases the permeability in this zone as a result of porosity improvement. 895 
Thereafter, calcium carbonate precipitation decreases the porosity which leads to decrease in the 896 
permeability and increase the mechanical strength [27]. Close by the cement-brine interface, the 897 
degradation of the C-S-H phase causes the permeability enhancement. Therefore, the overall matrix 898 
permeability depends on the relative direction of flow with respect to the diffusion. The permeability of 899 
the altered cement, when the directions of flow and diffusion are parallel, shows a reduction since the 900 
calcium carbonate precipitation zone acts as a barrier to the flow. The averaged permeability increases 901 
for the flow perpendicular to the diffusion direction. The reason is due to permeability increase in the 902 
amorphous silica gel zone and the portlandite dissolution zone [45]. The permeability of cement is also 903 
a function of the hydration process undergone by the cement. The higher the degree of hydration the 904 
lower the permeability [25].  905 
Generally, cracks and gaps are more potential pathways for the CO2 leakage rather than the cement matrix 906 
itself. The high permeability of the cement matrix increases the concentration of calcium leached from 907 
the cement to the crack. This process enhances the probability of clogging at the downstream positions. 908 
In contrast, high crack/cement matrix permeability leads to less dense calcium precipitation zones [8]. 909 
The behaviour of cracks or gaps being either self-healing or open is a strong function of the residence 910 
time, the aperture size, the confining pressure, and the chemical reactions occurring during the process. 911 
The carbonation process and multiphase flow can reduce the permeability [10,23,75]. The permeability 912 
also decreases as a result of the low flow rate within the cracks. In fact, the low flow rate increases time 913 
of CO2-bearing fluids exposing to the cement surface [64,66].  The degradation of mechanical strength 914 
in pillars and asperities, which keep cracks open, and the confining pressure may reduce the aperture 915 
size. Moreover, the amorphous silica gel formation is accompanied by the swelling process which also 916 
decreases aperture size [29]. The reduction in the aperture size will result in the permeability reduction 917 
or the self-healing behaviour. 918 
7.9 Modelling  919 
Modelling the long-term behaviour of cement degradation is imperative. In fact, short-term experiments 920 
cannot be representative of cement durability compared to extremely long periods of hundreds or 921 
thousands of years such as the prediction of penetration depth after 30 years which were carried by 922 
Kutchko et al. [55]. Modelling behaviour of cement exposed to CO2-bearing fluids simply provides a 923 
framework to determine its stability during length of time beyond experiment duration. Many 924 
experiments, however, indicated that most of the alteration occurs during the first hours or days of 925 
exposure [11,18,25,27,29]. Besides, conducting a sensitivity analysis regarding acidic environment 926 
conditions to find controlling variables increases the cost of experiments. 927 
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The CrunchFlow code developed by Steefel et al. [110] is applied by numerous studies (for example in 928 
[8,31,45,57,66,69]) which combines effects of diffusion, advection, and reaction to model mass 929 
conservation of chemical species transport which is given by: 930 
𝜕(𝜙𝐶𝑗)
𝜕𝑡
=  𝛻. (𝐷𝛻𝐶𝑗) − 𝛻(𝑞𝐶𝑗) + 𝑅𝑗     (𝑗 = 1,2,3, … 𝑛) 
Eq. 11 
where 𝜙 is porosity, the term on the left side of Eq. 11indicates change in the concentration Cj of the 931 
component j (mol/m3), the first, second, and third terms on the right side of Eq. 11 stands for chemical 932 
species transport due to diffusion, advection, and reaction respectively, D is the combined diffusion-933 
dispersion coefficient (m2/s), q is the Darcy velocity (m3/m2s), and Rj (mol/m3s) is total reaction rate 934 
obtained from summing up rates of precipitation and dissolution of involved minerals. Modelling of the 935 
presence of a fracture in cement, a gap between cement and casing, or between the cement and 936 
surrounding formation generally is based on the assumption that cement permeability is extremely low, 937 
thereby fracture/gap is the dominant flow path [10,12,14]. 938 
8 Summary 939 
This paper provides a review of the works which have been conducted to investigate changes in the 940 
cement matrix exposed to CO2-rich environments. This review illustrates that significant development 941 
has been made during the last two decades in better understanding the interactions of the CO2 and cement 942 
to prevent the leakage of CO2 through the well cement. The following summarises the most outstanding 943 
aspects which have been reviewed:  944 
 Studies investigating the cement matrix alone in CO2-rich environments disclosed that typically 945 
four main zones are being developed during the course of the cement exposure to CO2-bearing 946 
fluids. However, sometimes the fronts have been used to describe the separation of these zones 947 
and their movements within the cement. Typically, these experiments studied under static 948 
conditions, since authors believed that in the close vicinity of abandoned wells fluid velocity is 949 
very low which can be neglected.  950 
 To examine mutual effects of cement cracks on the CO2 leakage and vice versa, these 951 
experiments have been conducted under flow-through conditions. Depending on the residence 952 
times of flow through cracks within the cement and acidity degree of CO2-bearing fluids, cement 953 
could degrade quickly. This can occur when CO2-bearing fluids acidity degree is high and 954 
residence times are short. This results in cracks widening and more CO2 leakage. Whereas, 955 
generally, the low degree of acidity and long-residence times provide enough time for 956 
precipitation of calcium content downstream that makes the flow paths narrower or even block 957 
them. 958 
 Assemblies composed of the cement and steel casing, generally, showed that the steel casings 959 
are more vulnerable to be corroded even in the presence of cement. To examine the effect of 960 
CO2-bearing fluids on the steel casing adjacent to cement, cement-casing samples were 961 
undergone flow-through experiments. Deeper corrosion on the surface of the steel casing and 962 
presence of the Fe- components at the effluent confirm more inclination of the flow to affect the 963 
surface of the casing rather than cement. However, in some cases production of scales on the 964 
surface of the casing may prevent further corrosion or may even clog the leaking CO2-bearing 965 
fluids downstream. 966 
 Studies exploring the quality of the bonding between cement and surrounding rocks, typically, 967 
confirm that the cement matrix have been more damaged due to exposure to CO2-bearing fluids. 968 
In fact, fluids composition alters prior reaching the well cement. Limestone rocks surrounding 969 
the well cement increases the degree of the calcium concentration of CO2-bearing fluids before 970 
encountering the cement. This process reduces the capability of the cement to dissolve more 971 
calcium content from the cement. In contrast, the composition of fluids passing through the 972 
sandstone rocks surrounding the well cement remains constant regarding the calcium 973 
concentration, therefore they will have this ability to leach more calcium from the well cement. 974 
It should be noted that residence time is highly determinative of the rate of cement degradation. 975 
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 During cement exposure to CO2-bearing fluids, the geomechanical properties of the affected 976 
areas also change. Except for the CaCO3 precipitation zone which shows a low increase in 977 
mechanical strength, other affected areas decline in that term. The relationship between the 978 
geomechanical changes and their impact is complicated. Despite the common expectations, the 979 
degradation of cracks surfaces causes pillars and asperities lose their integrity, thus the crack 980 
walls become closer to each other due to confining pressure and may even results in clogging. 981 
Given the increasing compressibility due to the calcium leaching from the affected areas, except 982 
for calcium precipitation zone, the confining pressure may compress these areas and prevent 983 
moving CO2-bearing fluids within the cement. Albeit this process also depends on other 984 
parameters such as the acidity, the brine composition, the confining pressure, the pore pressure, 985 
and the residence time. 986 
The high-quality assemblage of a rock-cement-casing can provide a good barrier in preventing CO2 from 987 
leaking upwards [11,45]. Otherwise, any defects in bonding between the cement and casing or cement 988 
and rock produces microannuluses which are highly conductive to CO2 leakage [72]. 989 
No criterion is provided for evaluating the strength of cement-rock bonding. In addition, cement-rock 990 
bonding is not completely in a smooth cylindrical shape as assumed in most studies. During drilling mud 991 
filtrate pushes through the formation surrounding the well resulting in an alteration in brine composition.  992 
The presence of mud cake on the surface of the formation or caprock generally negatively affects the 993 
bonding between the rock and cement. 994 
Although many efforts have been conducted on the geomechanical characterization of cement behaviour 995 
exposed to CO2-bearing fluids, more detailed investigation is required to import the change in 996 
geomechanical properties of cement and rock during CO2 exposure into modelling formulations. 997 
Outstanding aspects that contribute to either self-sealing or opening behaviour of the cement alteration 998 
process are as follows: fluid pressure, confining pressure, crystallization pressure (due to crystallization 999 
of precipitated calcium carbonate), changes in mechanical properties of altered zones and asperities or 1000 
pillars in fracture, movement of separated particles along fractures and gaps, and swelling amorphous 1001 
silica gel layer. There is a need to incorporate these parameters in further modelling studies. Different 1002 
types of additives are used to change the properties of cement to match required special conditions at 1003 
different depths when the well was cemented.  1004 
Many abandoned wells have been cemented using modified cements by additives, therefore the chemical 1005 
and physical properties of cured cement to a great extent is influenced by the presence of additives such 1006 
as accelerators, retarders, extenders, fluid loss and loss circulation additives, and dispersants. All of these 1007 
factors need to be considered in modelling the cement alteration exposed to CO2-bearing fluids. Having 1008 
reviewed well cements in the presence of CO2, recommendations for future works include a systematic 1009 
experimental tests to investigate the effect of different additives used in a single well. This will help CCS 1010 
community to have a better understanding of the well integrity in case CO2 leaks from the storage 1011 
formation through wellbore when different additives were used while the well was cemented.    1012 
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